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SECTION 1.  INTRODUCTION 

The problem of decocting trace gase in the lower troposphere by 

electromagnetic radiations and acsorptions measured above the 

atmosphere can be treated in two parts.  The first is computation 

and listing the electromagnetic frequencies which characterize 

those molecules which are gases at temperatures ambient on the 

earth's surface; namely, about 300v K.  These frequencies in 

increasing magnitude ara caused by (we ignore nuc.1 ar spin flip) : 

1. Electron spin flip between hyperfine energy levels split 

by the earth's magnetic field (decametric and microwave) 

2. Rotation (microwave and infrared) 

3. Vibration (infrared) 

4. Electronic excitations (visible and ultravio1-t). 

The correspording blackbody temperatures are shown in Figure 1-1. 

The second part, for those frequencies which may possibly be 

detected through the irlanket of the earth's atmosphere either 

in absorption or emissicn, comprises examination of methods of 

their detection.  Tae electromagnetic "windows" in the atmosphere 

are shown in Figure 1-2.  Besides the rather narrow windows in 

the visible and in the near infrared, there is the broad radio 

window extending rom about 2 Mc to about 2 kMc (see Figure 1-3). 

Transmission ir the far infrared and microwa 'e regions is blocked 

by absorption of water vapor, CO- and ozone.  The atmospheric 

transmission in the visible and infrared is shown in more 

detail in Figure 1-4. 

Remote sensing geometry is shown in Figure 1-5.  Transmission 

spectra of the earth as seen from satellite altitude are shown 

in Figures 1-7 through 1-13.  The noise spectrum of the sky with 

equivalent temperature^ is shown in Figures 1-14 and 1-16. 

1-1 
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Figure 1-5.    Typical  Remote Sensing Geometry [Ref.   1-5] 

1-8 

'■         -- 
^__—-^^__—Ä__-- - —        ..- 

 -  -■ -   ■ ■ -   - 



T" I "l" 

r>J 

ti
 t
ud

e 
0 

km
; 

-- o 

e
l
l
i
t
e
 
A 

de
 
= 

0.
0 

o 4J    3 
1—■ 

pi
ca
l 

Sa
 

ce
 
Al

 t
it
 

1-
6]
 

in 

a 
Ty
 

S
o
u
r
 

ef
. 

— 
C O E -* &- j*  i/i ^-^ i*-          0) _ O   OJ 
^ x: o s- 

•»-> o  Ol ^ <o     •   (U z Q. O "O 
-r u or 

(0       o J II   o u i. 
> O  01 o 
< ^f- "O CM 

3 r— 

CD 

?: 

T
r
a
n
s
m
i
s
s
i
o
n
 
S
p
e
c
t
r
a
 

ar
th

. 
 
D
e
t
e
c
t
o
r
 
Al

 t
it
 

Ze
ni
th
 
A
n
g
l
e
 
= 

rg 

gu
re
 
1-
6.
 

to
 
th

e 
E 

o 
o 

o 
en 

O O 
t- 

o O 
CO 

o     o    o 

aoNvumsMVHi 

1-9 

i i ---  -       a 



1.0 

0.3 

I      0.7 

I     0.6 
< 

0.5 

0.4 

0.3 

10 km Honzontal 
Path at Sea Level 

i 

5.0 6.0 7.0 8.0 9.0 10.0        11.0       12.0        13.0        U.O     15.0 

WAVELENGTH Urn) 

Figure 1-7.    Transmission vs Wavelength Due to Haze Extinction  [Ref.   1-5] 
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the University of Michigan Computer Code, and Spectral 
Radiance ( ) Measured by Nimbus III  [Ref.  1-6] 
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Figure 1-9.    The Effect of Temperature Distribution on Radiance  [Ref.   1-6] 
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Figure 1-10.  The Effect of Surface Temperature on Radiance  [Ref.  1-6] 

1-13 

- -   ■■■ 
!     !        -:.--WJ 



DETECTOR ALTITUDE s 30 km 

SOURCE ALTITUDE = 0.   km 

ZENITH ANGLE = 180 |dtg| 

E 

z 
•< 
Q 
< 

2        <        6        8        10      12       14       16       18       20      22      24      26      28      30     32 

WAVELENGTH ^m] 

Figure 1-11.    The Effect of Water Vapor on Radiance [Ref.  1-6] 
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Figure 1-12.    Radiance for Three Nadir Anyles   [Ref.  1-6] 
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cigure 1-13. Energy Available for Remote Sensing [Ref. 1-7] 
(Where p is Atmospheric Transmission.) 
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Figure 1-14. Galactic Noise Temperature [Ref.   1-7] 

Figure 1-15. Sky Noise Temperature Due to Oxygen and 
Water Vapor at Various Zenith Angles, (9) [Ref. 1-7] 
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Figure 1-16.    Comparison of UVDM Solar Spectrum (Solid Line) 
with Perkin-Elmer Spectrum (Dashed Line) of 

Thekaekara (1970)  [Ref.  1-8] 
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Molecules uhich may exist as trace gases at 300° K near ti » 

surface of the earth, and the sources which might produce them, 

are listed in Table 1-1. 
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Table 1-1.    Atmospheric Trace Gases:   Candidates for Assessment 

SPECIES USE 

NH 3, NH2N0,  (NH2)2,  (CH3)2N2H NON-CRYOGENIC PROPELLANTS; MANUFACTURE 
OF PROPELLANTS 

FREONS: CFCU, CF Cl   , CnFyCl   , ETC. REFRIGERANTS AND HYDRAULIC FLUIDS 

PH., MUSTARD GAS, CONSTITUENTS OF 
BI-COMPONENT NERVE GASES 
INSECTICIDES 

ETHER, N20, (CF3)20, (C2F5)20, Xe 

GASES ASSOCIATED WITH TNT, RDX, ETC. 

HF, Cl2, F2, Br2, HC1, HN03, H2S04 

BENZENE, CH.OH, C.H.OH, ACETONE, 
ANILINE, SOCVENTS* CACQUERS. TUNG OIL 

THIOMERCAPTANS: RSH, RCSOH, HYDROCAR- 
BONS 

H2S04, S03 

CLEANING SOLVENTS, E.G., CCK 

SF6 

SiF4, Si2F6 

ASH3 

ACETYLENE. ETHYL^NE. N20 

GASOLINE, KEROSENE 

TERRENES, HEPTANES, RESINS, LARGE 
AROMATICS, OILS 

N20, CO, C02, CH4, S02, H2S 

HYDROCARBONS, CH4, CgHg, THIOPHENES 

CHEMICAL WARFARE 

ANESTHETICS 

EXPLOSIVES 

CHEMICAL FACTORIES 

FABRICS AND FINISHES 

PETROLEUM REFINERIES 

SUPERPHOSPHATE MANUFACTURE 

CHEMICAL FACTORIES 

UFg MANUFACTURE 

SI LICONE AND PLASTICS 

STEEL MILLS AND METAL FABRICATION 

COMMERCIAL FABRICATION OF PLASTICS, GASES 

BREATHING OF STORAGE FACILITIES AT 
REFINERIES AND DOD BASES 

NATURAL PRODUCTS FROM FOREST AND 
DESERT PLANTS 

DECAYING VEGETABLE MATTER 

NATURAL OIL SEEPS 
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SECTION 2.  THE ELECTROMAGNETIC SIGNATURES 

2.1  MAGNETIC SPIN FLIP IN THE EARTH'S MAGNETIC FIELD 
1-10 Mc; MAGNETIC MOMENTS OF GASES 

Magnetic dipole resonance radiation is a well-known laboratory 

phenomenon and is to be expected for atmospheric gases which have 

unpaired electron spins.  The spins couple with the various angular 

momentum vectors which characterize the molecules, and the 

resultant states of total angular momenta are further split 

energetically in the earth's magnetic field.  There resulted 

energy transitions between these states by emission and absorption 

of radiation, and by both of these mechanisms occurring 

simultaneously, namely by resonance reflection.  Resonance 

reflections for the more abundant free radicals seem already 

to have been observed with the ionosonder transmitters and 

receivers on the Alouette satellites [2-1] .  These transmitters 

emit pulses of electromagnetic radiations at 30-second intervals, 

sweeping in frequency from 0.2 to 14.5 Mc.  After each pulse, 

the onboard receiver listens for 33 msec and records the 

frequency of the detected signal and the delay time of arrival. 

From the frequency of the resonantly reflected radiation, the 

g value of the molecular species causing the scattering may 

be computed, according to the relation 

hv = gyH 

where H    =    the  local  earth's magnetic  field, 
U     =    eh/2 Mc is  the magnetic moment of a  free  electron 

of Mass  M,   and 

h    =    Planck's  constant. 

2-1 



The numerical value of g that characterizes a given molr.cular 

species is a function of the way the electron spin is coupled 

in the molecule and is dependent on the strength of the 

magnetic field.  Some g values have been measured for atmospheric 

free radicals at low magnetic fields and some have been computed. 

By measuring the frequencies of the returning signals detected by 

the Alouette receivers, g values have been evaluated and compared 

with values of g either computed or measured in the laboratory. 

In this way, it is found that OH, NO, N and 0 were the species 

returning the signals, see Figure 2-1 and Table 2-1.  Thus, the 

species responding to the signal causing the excitation may be 

identified by evaluating their characteristic g values.  In weak 

magnetic fields such as that of the earth, spin orbit coupling 

is strong and plays a major role in producing g values well below 

the value 2.00 which characterizes free electron spin flip and 

synchrotron radiation. 

To further strengthen the case for detecting trace gases in the 

atmosphere at large distances, it may be pointed out that prob- 

ably the strong decametric radio signals emitted from thf? atmos- 

phere of Jupiter may be similarly caused by magnetic dipole 

emissions from the abundant free radicals expected to exist in 

its reducing atmosphere. 

Table 2-1 shows a list of g values, evaluated for the most 

part from theory.  This list seems to comprise the totality of 

g values that have been computed up to now [Ref. 2-2].  Many more 

g values should be computed to define the magnetic dipole signa- 

tures of the gases which may be candidates for remote assessment 

such as those listed in Table 1-1.  Considering the fact that 

electron spin resonance (ESR) has been a laboratory diagnostic 

2-2 
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LANCE   4   Vi'sJC 

Distribution of g values for about 
500 signals taken from over 100 iono- 
grams recordeJ in Antarctica. Peaks in the 
distribution are believed to be reflections 
from free radicals. The labels indicate 
possible assignments of free radicals. (We 
believe that the peak at 1.50 may havi 
been somewhat shifted as a result of 
determinable errors in the fiducial iono- 
gram  markers.) 

Land* g values tot (round and mcta- 
stable states of .atomic ami molecular species 
in Earth's atmosphere. 

t Value • Free 
radical State 

0.71-0,74 OH Ground 
snM 

0.76-O79 NO Ground MI,,, 
0.79 OH Ground »n.,, 
OSO N I Metastable v.. 
080 O II Metastable SDM 

1.00 N 11 Metastable D, 
1.00 O I Metastable 'D: 
i ;o N. I Metastable •D,.,. 
1.20 O II Metastable. D... 
1.33 N I Metastable •P.,, 
1.33 o n Metastable P.-= 
1 45 OH Ground 'n,„ 
I.JO N U Metastable 'P. 
1 50 0 I Ground =P: 

Figure 2-1. Lande' g Values for Atomic and Molecular Species Observed 
in Earth's Ionosphere Over Antarctica Compared with Calculated Values 
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Table 2-1.    Values of g for Expected Electron Spin Resonance 
Signals from Possible Molecular Species 

in the Jovian Atmosphere [2-2] 

MOLECULAR SPECIES STATE g VALUE 

NH 

CH 

OH 

CH 

NH 

CH 

NH 

CH 

CH 

NH 

OH 

CH 

OH 

NH 

NO 

CH 

OH 

NH 

■n3/2 

■nl/2 

•nl/2 

•II3/2 

■nl/2 

■II3/2 

•n3/2 

■n3/2 

■II3/2 

'z- 

■n3/2 
!nl/2 
!n3/2 

, -2.0030 
) -1.00133 
-0.66753 

1 -0.50064 

-0.1542 
-0.1517 

) -0.1379 
' -0.1239 

•0.13399 
-0.14121 

) -0.0025 
' +0.0033 

( -0.0010 
J -0.0007 
I -0.0003 

-0.0002 

+0.069 

/ +0.10010 
' +0.16683 

+0.2079 

+0.2592 

i +0.3367 
I +0.40049 

0.32442 

j +0.3423 
\ +0.4971 

0.48407 

i+0.60061 
I  0.6674 

0.76-0.79 

0.8702 

0.93399 

1.0010 
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technique for at least 20 years, it is surprising that so few 

weak field g values have been computed or measured.  The 

reason seems to be that ESR laboratory measurements are usually 

performed at high field strengths where the electron spin 

uncouples from the angular momentum vector, and the resulting 

g is therefore equal to two within a few percent. 

If we should want to assess the lower troposphere by exciting 

it with a decametric transmitter and listening for its reflection, 

we might ask about the international acceptability of 

interrogation of the atmosphere by sounding from satellite 

transmitters.  The fact that the succession of Alouette 

satellites has been so doing at =0.2-15 Mc and at an average 

power of 300 W since 1966 answers the question; namely, there 

has been no protest against such sounding.  Instead, the 

question may become what may be the maximum frequency and 

power at which routine sounding may be acceptable. 

Another question concerns that of multispectral irradiation 

of a country by transmitters based in nearby countries.  There 

is much precedence for this practice such as irradiation by The 

Voice of America, by national radio stations, FM broadcasts, 

TV stations, amateur radio transmitters, citizens band class 

transmitters, marker beacons, coast guard and space satellite 

communications, microwave communications, civilian and military 

air traffic control radar, emergency aircraft survival, ship 

navigation, etc.  We may recall that the earliest satellites 

were at a low enough altitude and of such metallic cladding 

that they were visible by reason of reflecting sunlight to 

the surface of the earth after sunset, a form of electromagnetic 

irradiation.  Thus, it seems a foregone conclusion that further 

active irradiation of the earth's surface by electromagnetic 

assay will continue to be accepted without protest, unless the 

frequency approaches the ultraviolet. 
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2.2  ROTATIONAL FREQUENCIES, 1-100 cm 
\ = 1-0.01 cm 

-1 MICROWAVE, 

A molecule must be asymmetric in order for it to be able to 

emit electromagnetic radiation by transition between its 

rotational energy levels in the ground vibrational state.  Thus, 

homopolar molecules such as 02, N-, H2, etc., are not emitters. 

Instead, they exchange energy at these frequencies by collision. 

For asymmetric molecules, the change in energy AE by emission 

and absorption between rotational levels in the ground state 

is given by (see Figure 2-2): 

Ae    =    2B(J +  l)cm 

J "— J + 1 

B    =     (h/87r2Ic^cm 

-1 

-1 
(2-1) 

where I = moment of inertia about a molecular axis. 

At ambient environmental air temperature =300 K of interest 

to the remote assessment problem, essentially all molecules 

are in the ground vibrational state.  Thus, to a first 

approximation, the rotational emission it. a series of equally 

spaced frequencies, as shown in Figure 2-2, for linear molecules. 

For nonlinear molecules there are corresponding moments of 

inertia about three geometric axes and therefore as many as 

three sets of rotational emission and absorption lines. 

At 300 K, only the lowest rotational levels are populated, and 

thus, only the lines corresponding to the transitions J "-► J + 1 

where J = 0,1,2,3 play a significant role.  The population of 

the J  level relative to the ground state for diatomic 

molecules approximately by 

2-6 
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Figure 2-2a. The Allowed Rotational Energy Levels of a Rigid 
Diatomic Molecule 

0 afl_ __*_B_   IIB '■^■ 

Zß      dB     lOfl 

Figure 2-2b. Allowed Transitions Between the Energy Levels of a Rigid 
Diatomic Molecule and the Spectrum which Arises from Them 
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Nj i (2J + 11) e-BhcJ(J+l)/kT (2_2) 

as described   Herzberg's books [2-4].  For example, for 
-1      c B = 10 cm  at  ^ C, the peak population occurs at J = 3, 

and for J > 10, u^«? population has decreased by a factor of 

>40. 

At 300° K, the energies E of these lines are broadened by AE 

by the Doppler effect, namely, by kinetic motion of the emitting 

and absorbing molecules, where AE/E « 0.30. 

The most energetic of these rotational frequencies in them- 

selves provide largely an academic signature of trace qases 

in the lower troposphere because absorption by atmospheric 

water vapor inhibits taeir assessment by observation through 

the atmosphere (see Figures 1-2 and 1-3). Nevertheless, despite 

attenuations of up to 100 dB in traverring the atmosphere, the 

emission from rotational transitions of at least 20 molecules 

as complex as seven atoms, emitting from interstellar media, 

have been observed with ground-based radio-telescopes.  Further- 

more, submillimeter rotational radiation in the earth's atmos- 

ph .e has been measured from airplanes for atmospheric polar 

molecules such as H20, ^0, NO, S02, 0^, HNO,, and NO-. 

Rotational and vibrational frequencies combine to produce 

vibration-rotation or vibronic spectra, some of which lie in 

the observable "window" in the near xnfrared, and some of which 

may be observed by Raman backscatter, for our purpose of remote 

assessment of ga^es in the low troposphere. 

The rotational frequencies for several diatomic molecular 

species which exist as components of room temperature gases, 

computed from Equation 2-1, and their respective intensities 

computed froi.1 Equation 2-2, are listed in Table 2-2. 
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2.3  VIBRATIONAL FREQUENCIES, IQ2 - IQ4 cm"1, INFRARED, X  = l-100y 

At a 300^, nearly all molecules are in the ground vibrational 

state so that vibrational transitions occur only from the 

ground state (v ■ 0).  Transition to the next vibrational 
state, v = 1, is the fundamental absorption, and besides this 

there are the much weaker first and second overtones caused 

by the transitions (v « 0) •*• (v ■ 2) and (v ■ 0) -•• (v ■ 3) 

(see Figures 2-3 and 2-4).  The corresponding vibration frequen- 

cies for emission and absorption are given by 

o     e      e 

v,  =  200(1 - 3xJ (2-3) i      e      e 

v. =  3üJ (1 - 4x ) 2      e      e 

where u  is the zero point vibrational frequency, and x is 

the correction for anharmonicity, both of which are listed in 

Herzberg's tables [2-4]. 

To a first approximation, the energy of a vibrating, rotating 

molecule is the sum of the separate vibrational and rotational 

energies.  Under this simplification, one finds that the 

vibrational-rotational transitions are given by 

v  =  u)0 + 2B  im (2-4) 

where Am = ±1, ±2. 
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Figure 2-3. The Allowed Vibrational Energy Levels and Some Transitions 
Between Them for a Diatomic Molecule Undergoing Anharmonic 

Oscillations 
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Figure 2-4.    The Fundamental Absorption (Centered atabout 2143 cm" ) 
and the First Overtone (Centered at abQut 4260 cm'1) of Carbon 
Monoxide; the Fine Structure of the 
is Partially Resolved (Gas Pressure 

P Branch in the Fundamental 
650 mm Hg in a 10-cm Cell) 
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Positive values of the quantum number Am account for frequencies 

in the R-band and negative values for the P-band (see Figures 

2-5 and 2-6).  Lines arising from AJ = 0 are called the Q-branch 

(see Figure 2-7).  The maximum intensity in the rotational 

spectrum (characterized by J, see Equation 2-1) occurs at a 

vibrational-rotational frequency displaced from v by tAv where 

Av  =  /8kT B/hc  + 2B. (2-5) 

The quantities v-, v,, v« and Av have been computed for several 

diatomic gases and diatomic subcomponents of molecules at 

300oK and are listed in Table 2-3, in units of cm" . 

For polyatomic molecules there are many more vibrational 

frequencies characterizing each molecule, and the frequencies 

are less well measured so that the anharmonic correction x 
e 

may not be known.  Since it is a small correction, lack of its 

definition will not be too detrimental to remote assessment 

by measuring infrared frequencies.  Measurement of two or more 

characteristic frequencies should allow the active molecule or 

a subgroup of the molecule to be determined. 

Characteristic infrared frequencies for polyatomic gaseous 

molecules and their subgroups, as computed from Herzberg1s 

tables [2-4] , are listed in Table 2-4 in units of cm 

Characteristic frequencies for many kinds of subgroups and 

ligands in hydrocarbon molecules are listed in Table 2-5. 
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Figure 2-5.    The Center of the Fundamental  Band of Carbon Monoxide 
Under Higher Resolution than in Figure 2-4.    (Gas Pressure 
100 mm Hg in a 10-cm Cell.)    The Lines are Labeled Accord- 
ing to Their J Values.    The P Branch is Complicated by the 
Presence of a "Hot Band" Centered at about 2100 cm"1; Some 
of the Rotational Lines from this Band Appear between P 
Branch Lines, Others are Overlapped by a P Branch Line 
and Give it an Enhanced Intensity (e.g., lines P(Tg\. 
P(17)' P(23)' and P(24)) 
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Figure 2-6. The Fundamental Band of Figure 2-5 under Very 
Resolution; All Rotational Fine Structure Has Been 

Lost, and a Typical PR Contour is Seen 

Low 
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Figure 2-7a. The Rotational Energy Levels 
for Two Vibrati'onal States Showing the 
Effect on the Spectrum of Transitions 

for Which AJ = 0. 
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Figure 2-7b. Spectrum of the Bending Mode of the HCN Molecule 
Showing the PQR Structure. The Broad Absorption Centered 

at 800 cm-1 is Due to an Impurity 
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Figure 2-7c. The Contour of a PQR Band Under Low Resolution 
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Figure 2-76.    The Spectrum of a Bending Mode of Acetylene, HC 
Showing the Strong, Weak, Strong, Weak, ... Intensity 

Alternation in the Rotational Fine Structure Due 
to the Nuclear Spin of the Hydrogen Atoms 

= CH, 
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cm IV The Parallel Stretching Vibration, Centered at 

of the Symmetric Top Molecule Methyl Iodide, 
CH3I Showing the Typical PQR Contour 
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Table 2-3. Vibrational Frequencies for Diatomic Molecules 
and Bandwidth Av in Units of cm"1 

^e *e 

v0 
u.e(l-2xe) 

vl v2 
3u.e(l-4xe) B Av 

ci2 564.9 0.0071 557 1105 1647 0.2438 20.4 

C1F 793.2 0.0125 773 1527 2261 0.5165 30 
CIO 

t 
780 780 1560 2340 

'h 392.1 0.0504 802 1514 2136 

l2 
214.57 0.0029 213 425 636 0.0374 7.3 

IBr 268.4 0.0029 267 532 796 

IC1 384.28 0.0038 382 760 1135 0.1142 13.3 

ID 687 0.0073 677 1344 2001 
!N2 2359.6 0.0061 2331 4633 6906 2.010 61 

:NH 5300 3300 6600 9900 16.65 197 

NO 1904.0 1904 3808 5712 1.7046 55 

INS 1220.0 1220 2440 3660 

02 
1876.4 0.0088 1843.4 3654 5431 1.4456 51 

OH 3735.2 0.0222 3569 6973 10211 18.871 212 

PH 2380 2380 4750 7140 4.363 93 

PN 1337.2 0.0052 1323 2633 3923 0.7862 37 

'PC 1230.5 0.0053 1218 2422 3614 0.7613 37 

SiH 2080 2080 4160 12480 7.496 125 

SiF 856.7 0.0055 847 1635 2514 

SiCl 535.4 0.0041 531 1058 1580 

SiF 856.7 0.0055 347 1685 2514 

SIN 1151.7 0.Ö057 1139 2265 3379 0.7310 36 

SiO 1242.0 0.0049 1230 2447 3653 0.7263 36 

SiS 749.5 0.0034 74A 1484 2218 0.3036 23 

SO 1123.7 0.0054 1112 2211 3293 0.7089 35 

PAGE 1 OF 2 
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Table 2-3. 
and 

Vibrational Frequencies fo»- Diatomic Molecules 
Bandwidth Av in Units of cm"' (Cont.) 

"e xe 

v0 
^(l-2xe) 

vl 
2a)e(l-3xe) 

v2 

3*e(l-4xe) B Av 

HF 4138.5 0.0218 3958.1 7735.7 11332.9 20.939 226 

HC1 2990.6 0.0174 2886 5668 8347 10.5909 152 

HBr 2649.7 0.0171 2559.1 5027.5 7405.4 8.473 134 

HI 2309.5 0.0172 2230.4 4381.8 6451.8 6.551 116 

H2 4395.2 0.0268 60.809 435 

HS 9.47 143 

CO 2169.7 0.0061 2143.2 4260.0 6350.3 1.9212 60 

NO 1904.0 0.0073 1876.2 3724.6 5545.2 1.7046 56 

IC1 384.2 0.0038 381.3 759.6 1135.1 0.1142 14 

N2 2360 

B2 1051.3 0.0089 1032.6 2046.5 3041.6 1.212 47 

BF 1265.6 0.0072 1247.4 2476.5 3687.5 1.518 53 
BC1 839.1 0.0061 828.9 1647.5 2455.9 0.6838 35 

BBr 684.3 0.0051 677.3 1347.7 2011.0 0.490 29 

BH 2366 0.0207 2268 4438.1 6510.3 12.018 163 

Br2 233.2 0.0030 231.8 437.4 641.7 0.0809 12 

BrCl 430 0.0067 424 843 1255 

BrF 671 0.0045 665 1315 1959 0.3572 25 

BrO 713 0.0010 711 1422 2130 

CH 2861.6 0.0225 2732 5337 7812 14.457 182 

CO 2170.2 0.0062 2143 4260 6349 1.9212 60 

CN 2068.7 0 064 2042 4058 6047 1.8996 59 

PAGE 2 OF 2 

2-24 



Table 2-4. Infrared Vibrational Frequencies 
for Polyatomic Molecules 

(cm l) (cm ) (cm ) 
^1 

(cm l) 
V5.l 
(cm l) 

V6-l 1 (cm l) 

N02 1320 750 1618 

N20 2224 1285 589 

CK CHO 2967 2840 3736 1793 1441 1390 

HC2CH0 3326 2858 2106 1696 1389 944 

Trans C2H2C1 3071 1576 1270 844 349 898  i 

Cls 3086 1591 1179 711 173 876  1 

C2HC1 3096 1590 1250 850 633 452 

C4N2 
2267 2119 692 2241 1154 504 

c2o2ci2 1778 1078 519 465 176 360 ! 

C2Ü4 
1571 447 237 1000 347  1 

CH3NH2 3361 2961 2320 1623 1473 1430 

H2-C=C=CH2 3015 1443 1073 865 3007 1957 

CH3-CHCH 3335 2941 2142 1382 931 3008 

C2H40 3005 1490 1266 1120 877 3063  1 

SF6 
769 640 940 614 522 344 

UF6 
667 535 626 189 200 144  | 

B2H6 
2524 2104 1130 794 829 1745  i 

C2H6 
2954 1388 945 278 2896 1379  1 

C2H5I 2914 1197 951 500 262 
| 

C?H3CH0 3102 3000 2800 1723 1625  1 

H20 3652 1595 3756 

H2S 2611 1290 2684 

H2Se 2260 1074 2350 

S02 1151 524 1361 

N02 1320 648 1621 

F20 
830 490 1110 

ci2o 680 330 973 

___ 
PAGE 1 OF 4 
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Table 2-4. Infrared Vibrational Frequencies 
for Polyatomic Molecules (Cont.) 

(cm l) (cm M (cm"1) (cm1) 

NH3 3337 950 3414 1628 

PH3 2327 991 2421 1121 

PF3 890 531 840 486 

PCI 3 510 257 480 190 

PBr3 380 162 400 116 

AsF3 707 341 644 274 

AsCl 

CH4 

410 193 370 159 

2914 1526 3020 1306 

SiH 2187 978 2183 910 

CF4 904 437 1265 630 

SiF4 
800 260 1022 420 

cci4 424 150 608 221 

C8r4 267 123 ■,72 183 
1 

i 

SiBr4 249 90 487 137 

1    C02 1337 667 2349 

i    CS
2 

657 397 1523 

HCN 2089 712 3312 
i 

C1CN 729 397 2201 1 
BrCN 580 368 2137 

ICN 470 321 2158 
1 

! 

SCO 859 527 207^ 

NNO 1285 589 2224 

BF3 883 691 1446 480 

BCI3 471 462 958 243 

BBr3 279 372 806 151 

S03 1069 652 1330 532 

PAGE 2 OF 4 
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Table 2-4, Infrared Vibrational Frequencies 
for Polyatomic Molecules (Cont.) 

r ■ 

(cm M ^-1 (cm X\ (cm M (cm ^ (cm1) 
V61 

(cm"1! 

C2H2 3374 1974 3287 612 729 

C2N2 
2322 842 2149 506 2226 

H2C0 2766 1746 1501 1167 2843 

CH3C1 2968 1355 733 3044 1488 1017 

CH3Br 2972 1305 611 3056 1443 954 

CH3I 2953 1251 533 3060 1438 383 

1    H2C=C=0 3070 2152 1388 1118 588 528 

H2C-N=N 3077 2102 1414 1170 564 406 

H-C-0H=0 3570 2943 1770 1387 1229 1105 

N=C-C=CH 3326 2271 2077 876 663 500 

1    C302 2200 330 2258 1573 577 550 ' 

CF3I 1073 286 1135 540 265 

H,C=CH, 3026 1622 1342 1027 3103 1236 

CH3SH 2869 2607 1335 704 3010 1475 
1430 | 

CH3CN 2954 2268 1389 920 3009 1454 

CH3N0 2564 842 400 

C2H3C1 3121 3086 3030 1608 1369 1279 

C4H2 
3329 2184 374 3329 2020 627 | 

03 1110 705 1042 i 
C2N4H2 737 

CH3C2H3 
3089 3013 2992 2933 2870 1652 i 

(CH3)20 2997 2821 1448 1242 1053 929 | 

(CH3)2S 2911 2832 1445 1325 1041 685 j 

C4H40 3120 3090 1486 1381 1137 1067 1 

C.;H4S 3110 3080 1404 1353 1077 1032 

C4H4Se 3096 3062 1428 1349 1019 923 

PAGE : 1 OF 4 
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Table 2-4. Infrared Vibrational Frequencies 
for Polyatomic Molecules (Cont.) 

(cm"1) (cm"1) (cm"1) 

V41 
(cm-1) 

V51 
(cm-1) (cm-1) 

C3N3H3 3042 1132 991 837 

(C2H3)2 3101 3014 3014 1643 1442 1279 

(CH2)30 2959 2930 1473 1461 1342 1134 

(CH3)2C0 2922 2871 1710 1356 1066 787 

C4H4NH 3400 3133 3100 1467 1384 1237 

C4H4N2 3054 1570 1230 1015 596 950 1 

1 1.3 C4H4N2 3083 3048 3001 1570 1463 1146 1 

1 1'2 C4H4N2 3063 3043 1572 1414 1283 1160 

C5H5 3088 2973 2880 1496 1368 1105 

C5H5N 3054 3054 3036 1583 1482 1218 | 

C5H402 

!    C6H6 

3140 

3073 

3120 

995 

1689 

1350 

1666 

674 

1564 

3057 

1466 

1010 | 

CH3-C=C-C=CH3 2914 2254 1381 1223 554 

{CH3C0)2 3023 2940 1725 1444 1275 690 j 

;    HCN 
i 3310 
1 710 

3310 -.40 
-40 

HCECH 730 730 00 

CH I 
.1251 
) 840 

1251 ^15 j 
^60 | 

MANY OTHERS MEASURED AND PARTIALLY EVALUATED [REF. 2-4]. 
PAGE 4 OF 4 
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Table 2-5. Vibrational Frequencies of Various Groups 

Group      Approxuiwie Frequency Croup       Approximate Frequi:nc\ 
(cm-') (cm ') 

-OH 

-NH2 

sCH 

rr' 
^CH, 

-CH, 

-CH,- 

-SH 
-C-N 
-CKC- 

3600 

3400 

3300 

3060 

3030 

2970 lasym itretch) 
IS'O isym stretehi 
1460 lasyr.v deform.I 
1375 tsym. deform.) 

2930 idsym. streich! 
2S60 isym üretuhi 
1470 ideformationi 

2580 
2250 
2220 

; X-0 
j >c-c< 
: >C«NN 

I K-N<. 
7C-Ox 

' >c=s 

>C-F 

>C-C1 

-C-Br 

rC—I 

"50-1600 

1650 

1600 

200-1000 

1100 

1050 

"25 

650 

550 

Homl- B..I1.J- Hond- 
Grout) strrt. hinij Group strctching Group b»*rt<lin]< 

viftrati- [i vibration •'.iirin.m 

sr-H !;!l)l) -C«- .'050 s=C-H roo 

\          / 
., ,11 

=c-ri 
/ 

\ 

1050 

H 
IIUIJ 

—O-IC 
/ 

J'M..) 
/ 

\ 

900 — C -il 
11 

\     •H 

lO-W 

—O-H 3GS0" Tb —C—[•' 
/ 

1100 
/    H   : 

1450 

—S-if -•570 0.50 

ii 

C-H 
H      ; 

l-UO 

\ 
--N'—H 3.130 

s 
-C-!'.r 
/ 

;            5Ü0 C-C^C 300 

/ 
iroi) 

\ 

/ 
500 

—'■■--N 2100 

cm"1 cm-' mi-1 
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2.4  RAMAN - INFRARED 

Rayleigh scattering is well known to be elastic scattering of 

an electromagnetic quantum by a vibrating electron.  It can 

occur only if there is an asymmetrically arranged electron able 

to vibrate, that is only if the molecule containing the electron 

has an electric dipole moment.  In contrast, Raman scattering 

is inelastic scattering of the photon and occurs because the 

electromagnetic field of the photon induces an electric dipole 

moment in addition to any dipole moment which may exist in the 

unperturbed molecule.  Then if the frequency of the photon is 

v . and the frecuency of vibration (or rotation) of the 
ph *   i 

unperturbed molecules is v, the new frequency is v . t v, and 

photons are scattered with frequency changed from v , to the 

Raman frequency v . t v.  Thus, symmetric molecules such as 

N2, CU/ urid tU which normally cannot emit or absorb infrared 

radiatior. because of their lack of an intrinsic dipole moment, 

can scatter photons Raman shifted by ?   frequency which charac- 

terizes thfl molecule provided that the molecular rotation or 

vibration causes a periodic change in the induced dipole moment. 

For rotational Raman spectra, the Raman-shifted wave numbers are 

given by 

'j  =  [v , t B(4J + 5) 1 (2-6) pn 

corresponding to the selection rule AJ = 2, and of these, the most 

important are given by the minus sign because the lower rotational 

levels are the more populated at low temperatures (see Figure 

2-8) . 

The fundamental frequency of the Raman-shifted vibrational 

spectrum is given by 

2-30 
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Figure 2-8. The Rotational Energy Levels of a Diatomic 
Molecule and the Rotational Raman Spectrum Arising 
from Transitions between Them. Spectral Lines are 

Numbered According to Their Lower J Values 
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(v = 0) ~   (v = 1) ; v0 = We(l - 2xe) (2-7) 

corresponding to Av = ±1. 

Since Raunan-scattered light is of low intensity, the overtones 

v., v-, etc.,. may be neglected. 

An example of a Raman-shifted irradiation frequency v . observed 

both for rotational and for rotational-vibrational modification 

is shown in Figure 2-9. 

Raman-shifted light usually is polarized.  This is because the 

induced electric dipole must be in a plane normal to the direction 

of the incident light no matter whether or not the incident light 

is polarized.  Observation of the polarization characteristics 

of Raman-scattered light may help to characterize the molecule 

causing the scattering.  Examples of polarizations observed in 

Raman spectra are shown in Table 2-6 and of the modes of vibration 

causing polarizations in Table 2-7.  As an example, spectrograms 

of visible Kg lines Raman-shifted by CC1. and CHCl23r are shown 

in Figure 2-10.  Vibrational frequencies which have been observed 

in the Raman mode are shown in Table 2-8. 

2.5  ELECTRONIC TRANSITIONS, >104 cm'1, NEAR ULTRAVIOLET AND 
VISIBLE X < 1Q,000~A" 

Few gases absorb visible light, which is of course why there is 

a visible and near infrared "window" in the earth's atmosphere. 

Instead, electronic transitions in gases lie for the most part 

at wavelengths shorter than 3000 Ä.  Electronic wavelengths 

characterizing subgroups in hydrocarbons and some of their ligands 

are shown in Table 2-9. 
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Figure 2-9.    The Pure Rotation and the Rotation- 
Vibration Spectrum of a Diatomic Molecule Having 

a Fundamental Vibration Frequency of v   cm" . 
Stokes' Lines Only are Shown0 
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Table 2-5a. Infrared and Raman Bands of Sulphur Dioxide 

WAVENUMBER 

519 

1151 

1361 

INFRARED CONTOURS 

TYPE BAND 

TYPE BAND 

TYPE BAND 

RAMAN 

POLARIZED 

POLARIZED 

DEPOLARIZED 

Table 2-öb.     Infrared and Raman Spectra of Niu.ous Oxide 

r( cm'') INFRARED RAMAN 

589 i 

STRONG 

1285 ; VERY STRONG 

2224 VERY STRONG 

PQR CONTOUR i   
i 

PR CONTOUR   i VERY STRONG:POLARIZED 

PR CONTOUR   I STRONG:  DEPOLARIZED 
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Table 2-7.  Activities of Vibrations of Planar and Pyramidal 
AB3 Molecules 

tvinmuiric Aciwiiy Vihraiion Pyramidal Auiivtlv 
P.'u/Mf R « Raman, (R = Raman. 

1 «Infra-Red) /»Infra-Red) 

k A 

B A 
R active (pol.) V 

.8   B   B 
R   active (pol.) 

A stronj jvmmetnc strong 

B       B 
I. inactive stretch i /     active | 

*'             V 

B3 r 
R inactive V, ^ R: .'Ctive lpol.1 

A6 1- active out-of-plane B     ■    B strong 

•S,               NnS svmmetnc B 1;   active 
^3         Bw 

dsi'ormation 
i© «upwards 
9 = Jo«.n- 

w.irdsl 

B 

* 9 active idepol.) v) A R: active idepol i 
A *eak asvmmeiric * ■   \ /            \ weak 

! active  1 stretch B   B    B /    active  1 
B        B .      ^ 

*■                i 

i, 

rt 
R active idepol V4 

A R: active (depol.i 
A weak asymmetric N   /1 \ 

B   n B 
weak 

1 aenve  1 deioftnation B /    active  ^ 
9        B « 

*   *■ 
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figure 2-10.    Raman Spectra of CC14 and CHC12BR Showing Anti-Stokes Lines 
after docker 

trogram; Hg 
Reduced in 

Lines of 

Raman Lines are Indicated at the Top of Each Spec- 
Lines at the Bottom.    The Exciting  Line Has Been 
intensity by a Screen.    In (a) the Stokes Raman 
CC14 Occgr Both Through E.<citatiog by the Line 
4358.3 A and by the Line 4046.5 A 
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Table 2-8.   A Summary of Characteristic Raman Frequencies [2-5] 

frequency 
(im") 

3,400-3.300 
3,380-3.340 

3,374 
3,355-3.325 
3.350-3,300 

3.335-3,300 
3.300-3,250 
3.310-3.:9O 
3.190-3.145 
3,175-3.154 

3.103 
3.100-3.020 
3.100-3.000 
3.095-3.070 

3.062 

Vibration 

Bonded jntisynimeltic NHj sttelth 
Bonded OH stretch 
OI stretch 
Bonded antisymmetric NHj stretch 
Bonded NH stretch 

«CM Stretch 

Bonded symmetric NH, stretch 
bonded NH stretch 
Bonded symmetric NH, stretch 
Bonded NH stretch 

Antisymmetric =CHI stretch 
CH. Stretches 
Aromatic CH stretch 
Anti-ymmeinc ^"Hj stretch 
CH Stretch 

Compound 

Primary amines 
Aliphatic alcohols 
Acetylene tgas) 
Primary amides 
Secondary amines 

Alkyl acetyU-nes 
Primary amines 
Secondary amides 
Primary amide» 
Pyrawles 

Ethylene icasl 
Cyclopropane 
Benzene derivatives 
C=CHI Dcnvjiivcs 
Benzene 

3,057 
3,040-3.000 

3.026 
2.990-2,9Si) 
2,986-2.974 

2,969-2,965 
2,929-2,912 
2.384-2,S83 
2,j6l-2,840 
2,850-2,700 

2,590-2.560 
2.316-2.233 
2.301-2.2? I 
2,300-2.25ti 
2.264-2.251 

2,259 
2,251-2.232 
2.220-2.100 

2,220-2.000 
2.172 

2.161-2,134 
2,160-2.100 
2,156-2.140 

2.104 
2,094 

A.-utnatic CH stretch 
CH Stretch 
SsiTimcmc =CH, uretch 
Syminctnc -CH, stretch 
Symmetric NH/ stretch 

Antisymmetric CH, stretch 
Antisymtneltic CH, stretch 
Symmetrie CH, stretch 
Symmetric CH. s'retch 
CHO Croup 12 bandsi 

SH Stretch 
C"-C Stretch i2 ''andsi 
C^C Stretch i2 hands i 
P'-eudoantisymmctnc S;=C=0 stretch 
Symmetrie OCC^C stretch 

C»N Stretch 
C^N Stretch 
Pscudoantisymmetnc N = C=S stretch 

'2 bands) 
C=N Stretch 
Symmetric OCOC wretch 

N^'C Streich 
C^C Stretch 
CsS Stretch 
Aniisvmmetnc N=N=N stretch 
C^N Stretch 

Alkyl benzenes 
C=CHR Derivatives 
Ethylene <i;as) 
C=CH. Derivatives 
Alkyl ammonium chlorides 

iaq soln) 

n-,Alkanes 
'i-.AIkanes 
»i-Alkanes 
'i-Alkanes 
Aliphatic aldehydes 

Thiols 
RC*CCH, 
RC^C-R' 
isocy anates 
Alkyl diacetylenes 

Cyunamide 
Aliphatic mtriles 
Alkyl isothiocyanates 

Dialkyl cyanamides 
Diacetylene 

Aliphatic Isomtnles 
Alkyl acetylenes 
Alkyl thiocyanates 
CH.N, 
HCN 

2.049 
i.974 

1,964-1,958 
1.870-1.840 

P'-eudoantisymmetnc C-C=Ü <iretch 
CsT Stretch 
Antisymmetric C^C-C stretch 
Symmetric C-0 «tftteh 

Ketene 
A.etylere 'gas) 
Allencs 
Saturated 5-inenitHred 

rinit cyclic anhs Jridcs 
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Table 2-8. A Summary of Characteristic Raman Frequencies (Cont.) 

Ffequency 
(cm') Vibtalion Compound 

1.820 

1,810-1,788 
I 807 

1.805-1,799 
1.800 
1.795 

1.792 
1.782 

1.770-1.730 
1.744 

1.743-1.729 

1.741-I-.734 
1.740-1.720 
1,739-1,714 

1.736 
1.734-1.727 

1.725-1.700 
1.7:0-1.715 
1.712-l.604 

1.695 

1.689-1.644 

1.65"-1.651 
1.686-1.636 
1.680-1,665 

1,679 
1.678-1.664 

1.676-1.665 
1.675 

1.673-1.666 
1,672 

1.670-1.655 

I.S70-1.63O 
!.666-1.6 5 2 
1.565-1.650 
1.663-1.636 
1.660-1.654 

1.660-1,650 
1.660-1.649 
1.160-1.61') 
1.658-1.644 

1.656 

1.654-1,649 
1.652-1.642 

Symmetric 0=0 stretch 

C=0 Stretch 
C=0 Stretch 
Symmetric C=0 stretch 
C=C Stretch 
C=0 Stretch 

C=C Stretch 
C=0 Stretch 
C=0 Stretch 
C=0 Stretch 
C=0 Stretch 

C=0 Stretch 
C=0 Stretch 
C=C Stretch 
C=C Stretch 
C=0 Stretch 

C=0 Stretch 
C=0 Stretch 
C=C Stretch 
Nonconju^ited C=0 stretch 

C=C Stretch 

C=C Stretch 
Anude I band 
C=C Stretch 
C=C Stretch 
r=C Stretch 

C=C Stretch 
Symmetric 0=0 stretch (cyclic dimer) 
C=N Stretch 
Symmetric C=0 stretch (cyclic dimer) 
Conjugited C=0 stretch 

Amide I bund 
r=N Stretch 
C = N Stretch 
Symmetric C=N stretch 
C=C Stretch 

Amide I band 
r=N Stretch 
C=N Stretch 
C=C Stretch 
t=C Stretch 

Symmetric C=0 stretch (cyclic dimer) 
C = N Slre-ch 

Acetic anhydride 

Acid haiides 
Phovgene 
Noncyclic anhydride« 
F,C=CF, (gu) 
Ethyiene carbonate 

F1C=CFCH, 
Cyclobutanone 
Halogenated aldehydes 
Cyclopentanone 
Cationic a-ammo acids 

(aq. soln) 

O-Alkyl acetates 
Aliphatic aldehydes 
C=CF, Derivatives 
Vtethylene cyclopropane 
O-Alkyl proptonates 

Aliphatic kctones 
O-Alkyl formates 
RCF=CFR 
Uracil derivatives 

«aq. soln) 
Monofluotoalkenes 

Alkyhdene cyclopentanes 
Primary amides (solids) 
Tetralkyl ethylenes 
Methylene cydobutane 
Tnalkyl ethylenes 

.•'•anj-Dialkyl ethylenes 
Acetic acid 
Aldimmes 
Formic acid uq. soir.) 
Lracil. cytosme. and 

guamne derivatives (aq. soln) 

Tertiary amides 
Ketoximes 
Scmicarbazones isolid) 
Aldazmes. ketazmes 
cu-Dulkyl ethylenes 

Secondary amides 
Aldoximes 
Hydrazones (solid) 
R1C=CH1 

Cycluhexene, cycloheptene 

Carboxylic acids 
Thiosemicarbazones (solid) 
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Table 2-8.    I Summary of Characteristic Raman Frequencies (Cont.) 

Frequency 
(cm-') Vibrauon Compound 

1.649-1,625 
1,648-1,6411 

1,64«-1.638 
1.647 
1.6.-8 
1.637 

1,6 34-1,62; 
1,630-1.550 

1.623 
1,620-1,540 
1,616-1.571 

1.014 

1,596-1.547 
1,581-1,46! 

1,575 
1,573 
1.566 

!.5oö-1.550 
1.555-1,550 

1.548 
1.545-1.535 
1.515-1.490 

1.5 MO 

1.480-;.4 70 
1,480-1,460 

1.471 -1 446 
1466-1.465 

1.450-|,4iii) 
1,443-1 J»? 

1.442 
1.440-1.340 

1.415-1.400 

NH, Scissors 
C=C Stretch 
S~0 Stretch 

C=C Stretch 
C=C Stretch 
C=0 Stretch 
Svmmemc C=C >lreich 
Antisymmetric NO. itretch 

Ring stretchei 'doublet» 
C=C Stretch 
Three or more coupled C^C stretchei 
C=C Stretch 
C=C Stretch 

OCSiretch 
C=C Stretch 
Symmetric C=C stretch 
N=N Stretch 
C=C Streich 

Antisymmetric NO. »tretch 
Antisymmetric NO, itretch 
S = N Stretch 
Antisymmetric NO. stretch 
Ring stretch 

Symmetric C** Wretch 
OCHj.tXTH: Deiormjtion* 
Ring '.tretch 

CH,.rH. Det'orimtions 
CH, Derormjtiun 

P'-euüijntisvmme'tic N=C-0 streich 
Rinc itrttch 
N = S Itfäch 
Synmcinc CO;   stretch 

Svmme'nc CO, ' vre'ch 

Pnniury amines i*eak) 
Ally! derivatives 
Alkyl nitrites 

H.C^CHR 
Cyclopropvne 
tih> lene ditluocarbunate 
Isoprene 
Alkyl nutales 

Uenzcne derivatives 
Ethylene igas) 
Pnlyenes 
CM.iroalkenes 
Cyclopentene 

Bromoalkenes 
lodnalkencs 
1,3-Cycli)hexjdicne 
Azometliane (in solnl 
Cyclobutene 

Primary mtroalkanes 
Secondary nitnjalkanes 
l-P;.r;izoline 
Tertiary mtrualkanes 
2Furt'uryl group 

Cyclopentadiene 
Aliphatic ethers 
2 ! urlurslidene or 

2-furiiyl group 
/i-Aikanes 
'i-Alkanes 

ls"i.vjn.iiev 
2 Subsmu'ed thiophenes 
Azohfnzene 
Cjrho\yla(e ions 

Dipolar and lAtontC a- 
ammo acids tad. sulnl 

1.4(5-1.385 
1.395-1.380 

IJI5-1J*8 
1 375-1,360 

1.355-1,34; 
1,350-1.330 

1,320 
;Ji4 -1.290 
1.310-1,250 

Uio-i.ns 

Rinn -iire'-.l! 
Symmetric NO. stretch 
Rmi ^tretch 
CH, Symmetric Jef.jrrtiation 
Syrnmeinc NO, -tretet! 

Svnim/tnc NO, '.'retch 
CH Ut-tormatmn 
Ring vihratior! 
ln-pi.ine CH deformMioa 
Amide 111 land 

CH. Tust ind rock 

Amliru.cMe> 
Pnm.irv mtroalkanes 
Naphthalenes 
n-Alkanes 
Sei-ondary mtroalkanes 

Terti.iry mtroalkanes 
Koprnpyi group 
1.1-Di,ilksl cyclopropanes 
■/■a»/s-l)i.ilk'.' ctlislenes 
Secondary amides 

't-Alkanes 
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Table 2-8.    A Summary of Characteristic Raman Freq-.endes (Cont.) 

Frequency 
(cm ') 

IJOä-IJW 
1.300-1.:Hn 

l,M2-IJ?J 
i,:so-i.:4o 

1,276 

1.266 

I.2J0-1.2OO 

1.220-1.200 

1.212 

1.205 
1.196-1.188 

1,1*8 
1,172-1.165 

I.: 50-950 
1.145-1.125 

1,144 
1,140 

1,130-1,100 

1.130 
1.112 
1.111 

1 AW -1,040 
1 MS 

!,||60-1,020 

1,040 -Wi 
I.OJO -I 015 
1,030-1.010 

1,030 

1.029 

1.026 

1.010-990 

1.001 
1.000-985 

94 2 
992 
939 

933 
930-830 

914 

Vibntioo 

CH, In-plmsc twist 
CC Hndiic bund stretch 
Symniciric NO, stretch 

Ring stretch 

Syinmctnc N=N=N stretch 
in-plane CH deformation 

Hmf "breathing" 
Ring Vibration 

Ring vibration 

Ring "breathing" 

(\H. C Vibrjtion 

Symmetric S0: stretch 

Rmg "breathing" 
Symmetric SO, stretch 

CC Si retches 
Siinmeinc SO, stretch 

Rins ■'bfeathing" 
Ring "breathing" 
Symmetric C=C=C stretch (2 bands) 

psoudosvmmclnc C=C=0 stretch 

Ring '"breathing" 
NS Stretch 
S-O Stretch (I ijr 2 t)andsl 
C=S Stretch 

Rfhg vibration 

Rute vihrjtion 
In-t'l.me CH ietmmatxon 
Tngunil ring "hreathine ' 
Trigon.il nng "tirenihing" 

Rine   hrcjihmg" 

Ring "breathing" 

Tngoiial ring "breathing" 

Ring "breathing"' 
Tngonal ring "breathing" 

Rinit  "'Healhing" 
Ring "breiilhing" 

Ring "breathing" 
Rine vibration 
Symmelnc CDC streich 

Ring ' brcalhin^" 

Compound 

«•Alkane» 
HiphenyK 
Alkyl nitrates 

Epoxy derivatives 

CH.N, 
(.(i-Dialkvl ethylenes 

Lihylene oxide (oxirane) 
/wra-Disubstituted 

benzenes 
Mono-and 1,2-dialkyl 
cyclopropanes 

Ethylene imine 

i,izindine) 
Alkyl bewenes 
Alkyl sulfates 

Cyclopropane 
Alkyl sulfonates 

x-Alkanes 

Uialkyl sulfones 
Pyrrole 
I uran 
Ailenes 

Ketene 
Ethylene sutllde 
Hvdrazme 
Aliphatic sultoxiiies 

Ethylene 'rithiocarbonaie 

ort/io-Disubstituted 
benzenes 

Pyrazoles 
Monosubstituted benzene» 
3-Subsiiiuted pyndmes 
Pyndine   - 

Tnmetlnlene oxide 
loxeranel 

Tnmethylene imine 
ijzetidine) 

Mono-, ineta-, and 1,3,5- 
subsiimted benzenes 

Cvdobutane 

2- .ind 4-Substituted 
pyndmes 

llenzcne 
Pyndine 

1.3-Dioxoljne 
Alkyl cyclobutancs 

Aliphal c ethers 

leirahvilrofuran 
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Table 2-8.    A Summary of Characteristic Raman Frequencies (Cont.) 

Frequency 

(on-) 

•m 
905-837 
?0O-,S9O 
9Ü0-S5O 

899 

ISC 
S77 

Ml-,841) 
836 

835-749 
834 

m 
83: 

83ü-?:o 

825-8:0 
Sll 
8!5 
mi 

785-700 

Vibration 

Symmtitric CON "tretch 
CC Skcli-Ul Mretth 
Rini! vibrjtmn 
S> mmelnc CNC >trflch 

Rii'i "I'rcathing" 
Rins •■hreaihmg" 
OOSr reich 
Synimeinc ("ON streich 
Ring "brejilung" 

C. Skcleul sifetch 
Rims "Iircuilurii!" 
Ring "breathina" 

Ruiki "iHeattHttf" 
Ring vtbranon 

( , O Sy n.mc!tit skeletal stretch 
Rini; "hroalhmi!" 
Rinit 'ht-jailiint!" 
Rinc "''rciiiiin«" 

Rini! '.ibr.iiii>n 

Cumpound 

HyUnnylamini.1 

/i-Alkjnes 
Alk>l .ycluccnl.inCN 
Secondary jmincs 

Pvrri.ilidine 
Cidopcmanc 
Hydruecn jHTMMde 
^•Alkyl hydroxylammes 

Piperazme 

Isnpropyl >r()up 
1.4-l)u>\.me 
Tr.ioplienc 

Mi>rpiuilinc 
('Wo-Disubviitutcd 

henzcnes 

Secnndury ikobab 
(ctrahy Jrnpyran 

Ptpcndinc 
C>clL>hc\aiic uhair lufm* 
Alkyl cyclohevinci 

•60-'^O 
750-650 

"■»0-585 
735-690 

'33 

730-7:n 

715-620 
■0') 
703 
•03 

C40 Svmmctric skeletal stretch 
(', Ssnimeltic skeletal stretch 
CS Streich ■ I ^r more bands) 
■■C = 5 Stretch" 

Ring '''tea'.hing" 

CO Stretsh. P aonfofmstwn 
CS Stretch fl or mote handsi 
m Stretch 

Rm« "bfeathwj" 
Svmrnetric CGI. stretch 

Tertiary jlculmis 
.'.•i-f Butvl iruup 
Alkyl sult'ide^i 
Tln.iamides. thioureas 

'sulidi 

Cydoheptane 

Primary ciiloroaikjnei 
Dialkyldisuliides 
CHCI 
Cyclooctane 
CH,0: 

690-650 

668 
660-650 

659 

Pseud'■symme'rK N=C-S stwlch 
Rme "hrea^hine" 
Symmetric ft"!, .»retell 
CG Stretch, PH tonforfflatwu 

Ssmmetric CSC stretch 

Alkyl is,i;hiosyanales 
retr.ihydrolhiDphene 
CHt I, 
Primary chlnmaikanes 
Peniamethviene sultide 

655-641) 

630-615 
615-605 
610-59O 

609 

577 

5?0-SW 
565-560 
540-535 

539 

t'ilr Slrett h. p( coninrmaiiiin 

Ruiii Jel'irnuiiim 
Cfl Stretch. S HH .infnrm.ition 

Cl Stretch Pc conformation 
CHr Sirdch 

Ssmmetnc CRr. stret.h 
CO Stretch. T 

Cl)r Stretch, P. 
HHH cainnrmalwii 
H iiint'Tmatinii 

rmjtion 
SjrmmetrK CBr, ,lrc'ch 

("Hr Stretch. SHH con 

Pnmars bromoalkaiw 
MniiüsubMiiiitcd beiuenes 

Secondary chionjalkanes 
Primary lodoalkaite!. 
CH.Br 

CHjUr, 
lern.if*. :hlor.)alkjne- 

Primary br.imo.ilkjne^ 
Sc.mdary brumualkanes 
Clllir, 

52S-51U SS Stretch Dulksl disultule 
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I. 

Table 2-8. A Summary of Characteristic Raman Frequencies (Cont.) 

Frequency 
(cm ' j Vibration 

523 Cl Stretch 
520-510 CBr Stretch, TH^H eonlornution 
510-500 Cl Stretch, PH conlormation 
510-480 SS Stretch 

495-485 Cl Stretch, SHH conlurmation 
495-48S Cl Stretch. THH1| conformation 
484-475 Skeletal Jeformation 

483 Symmetric Cl, «retch 
459 Symmetric CC14 stretch 

437 Symmetric Cl, stretch 
425-150 "Cham expansion" 
355-335 Skeletal deformation 

267 Symmetric CBr, >trctch 
200- 160 Skeletal deformation 

178 Svmmetnc Cl, stretch 

Compound 

CH.l 
Tertiary bromoalkanei 
Primary iodoalkanes 
Dialkyl trisuindes 

Secondary iodoalkanes 
Tertiary iodoalkanes 
Dialkyl diacetylenes 
CH.I, 
CO. 

CHI, linsoln) 
"•Aikanes 
Monoalkyl acetylenet 
CUr, <in soin) 
Aliphatic nanlcs 
Cl. (solid) 

PAGE 6 OF 6 
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Table 2-9. Characteristic Frequencies for Visible and Ultraviolet Electronic 
Transitions of Various Groups of Atoms Bound in Hydrocarbon Molecules 

Kar ulira-violei     Near ultra-violet 
(Vacuum u v i 

|J»«* 

u—•»• j 

i-l*»' 
l 

• t* 

Visible 

-1 1 1     1 1     I     I     I  
IDO    :OÜ    3»)    400    JOO    600    700 mn SÜ0 

100,000  50,000  )3,}3J  25,000  M.000  16,667  14,386 cm-' 12,500 

The regions of the electronic spectrum and the type 
of transition which occurs in each. 

(mm 

-c=c- 
-c=c-c=c- 

-c=c-c=c-c=c- 

ro 
::o 
:6o 

16,000 
:i,ouo 
35,0(» 

while for oxygen-containing molecules we have both n—n* and 
/i—.i* transitions: 

x — n* i.wrtmifl 
(m^il 

/i-»s' Uveak) 
imw 

-C=0 
-c=c-c=o 

-c=c-c=c-c=o 

166 
240 
:70 350 

o^    Wo 245 435 

n — it' istrorqi n—n* {weak) 
imm imtii 

>c-c< I7U 
-CsC - 170 
>C^O ifte :Sü 

>C-NN i*) 300 
/N = S^ ■J 350 
>c=s ■» 500 
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Some gases having electronic transitions in the visible or 

near ultraviolet, namely, at wavelengths longer than 3000 Ä, 

are listed in Table 2-10.  Because of the cutoff absorption by 

atmospheric ozone at wavelengths shorter than 3000 A, transitions 

at shorter wavelengths are not useful for remote assessment 

of trace atmospheric gases. 
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i 
Table 2-10. Some Vapors and Gases Having Electronic Transitions In the 

Visible and Near Ultraviolet 

CHEMICAL 
FORMULA WAVE LENGTH (A) 

N02 3000-6000 NITROGEN DIOXIDE 

N20 2800-3065 NITROUS OXIDE 

CH3CHO 2500-3500 ACETALDEHYOE 

CH2CH0 3900-4200 PROPYNAL 

CgOgClg 300-3800 OXALYLCHLORIDE 

UF6 3300-4100 URANIUM HEXAFLUORIDE 

C4H4S 3130-3180 THIOPHENE 

C2H3CH0 300-3940; 4025-4122 ACROLEIN 

^2'*'4^2 4700-5600 S-TETRAZINE 

so2 3400-3900 SULFUR DIOXIDE 

C3N3H3 2700-3170; 3800-5000 S-TRIAZENE 

(CH3)2C0 2200-3300 ACETONE 

cs2 3900-4300 CARBON DISULFIDE 

1,4C4H4N2 2900-3300; 3560-3760 PYRAZINE 

H2C0 2300-3530; 3600-3967 FORMALDEHYDE 

CH3I 2000-3600 METHYL IODIDE 

H2C=C=0 2600-3850 KETENE 

CH2-N=N 3200-4750 ARAZOMETHANE 

C302 2400-3300 CARBON SUBOXIDE 

H2-C»CH2 2600-3400 ETHYLENE 

CH3N0 5900-7100 l   NITROSOMETHANE 

H2C202 2300-3200; 3900-5400; 5150-5750 GLYOXAL 

03 3000-3740; 5500-6100 OZONE 

BH 4328 

Br2 5110 AND AN ABSORPTION CONTINUUM 
AT SHORTER WAVE LENGTHS 

BrCl VISIBLE ABSORPTION BANDS 
REPORTED IN HERZBERG BUT NOT 
PUBLISHED 

PAGE 1 OF 2 
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1. Table 2-10.   Some Vapors and Gases Having Electronic Transitions In the Visible 
and Near Ultraviolet (Cont.) 

i 

i i 

CHEMICAL 
FORMULA WAVE LENGTH (Ä) 

PrF 5172 

Br20 3330.4011 

ci2 4796 AND AN ABSORPTION 
CONTINUUM AT SHORTER WAVELENGTHS 

C1F 5275 

h CONTINUOUS ABSORPTION WITH 
MAXIMUM AT 2899 

HI CONTINUOUS ABSORPTION STARTING 
AT 3636 WITH MAXIMUM AT 2083 

IBr 5924 

h 6393 

ICl 5508 

SiH2 5000-6000 

HCP 3050-4100 

so2 3400-3900; 2600-3400 

cio2 2700-5100 

CH3I 2000-3600 

PAGE 2 OF 2 
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SECTION 3.  METHODS OF ASSESSMENT BY PASSIVE METHODS: 
SUCCESSFUL EXPERIMENTS 

3.1  EXCITATION BY DECAMETRIC PADIATION FROM GROUND-BASED AND 
SATELLITE TRANSMITTERS FOLLOWED BY EMISSION AND DETECTION 
oP SJBSIira sPiü fllP  ftAblATIÖbJ 

Consider first the operation of the Alouette satellites, as top- 

side ionosonders. The experimental observations discussed in 

this section were actually excited by active irradiation from 

a source in the satellite. We discuss this experiment here to 

illustrate the sensitivity of assessment.  We suggest in this 

section that these emissions may be excited by existing ground 

sources of several megacycle frequencies and so assessed by 

passive means.  The transmitter and receiver simultaneously 

sweep from 0.2 to 14.5 Mc/sec during each 30-sec interval.  At 

the beginning of each interval, the transmitter emits a lOO-usec 

pulse at a frequency of 0.2 Mc/sec and an average power of 300 

watts.  After a 2 usec delay there follows a receiving period 

of 33 msec, then the transmitter emits a second pulse of nigher 

frequency, followed by another listening period, and so on. 

For each 30-sec interval an ionogram displays the frequency 

v of any detected signal, its time of arrival, its intensity, 

and the real time. When the frequency of the transmitter 

equals the resonant magnetic dipole frequency of a given species 

of free radicals in the atmosphere, the radicals are induced to 

radiate photons of the resonant frequency, some portion of which 

arrives at the satellite receiver and is recorded.  From the 

time of arrival at the receiver after emission of the stimulating 

frequency from the transmitter, the distance between the 

satellite and the free radical can be computed.  The resonant 

frequency v is given by 

guB        eh     in"20    , 
v  = -Jj-—, u  3  2 Mc    10   erg/gauss 
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where g is the Lande* factor characterizing the radical, 

determined by spin-orbit coupling, B is the local magnetic field 

of the earth, and u is the electron magnetic moment. The B 

field at the satellite as a function of its geographical 

coordinates may be computed from a polynomial expansion of 

the geomagnetic field. 

-20 With p ■ 10   erg/gauss, approximately equal concentrations of 
a particular species have dipoles parallel and antiparallel 

to the local magnetic field ac =300oK.  For radicals resonant 

with the Alouette signal, the probability of reflection in terms 

of the Einstein coefficient for stimulated emission is given by 

r2-l] 

W =  [2Tr(yV3)/hzcl (dl/dv) = 2 x 104(dl/dv) sec'1 

where (dl/dv) is the energy flux from the sounder-transmitter 

per unit frequency interval.  The average radiated power of the 

Alouette transmitters, 300 watts, is spread over a bandwidth 

of about 30 kcs.  If one neglects absorption between the 

satellite and a point at distance R, the energy flux at R is 

dl/dv    = 10
5
/4TR

2[9rg/cm2sec(cy/sec)]. 

We neglect the angular dependence and assume that the power P 

reflected by a population of N magnetic dipoles per cubic 

centimeter, given by 

P(R)  = W(N/2)hv = 2-109 (N/2)hv/47rR2(erg/cm3sec) 

is radiated isotropically.  The intensity of the signal arriving 

at the satellite at time t, measured from the time at which the 

100 usec pulse begins, is given by 

3-2 



R2 
S(t)     =      f    [P(R}/<lTTR2]dV{erg/cm2sec) 

Hi 

where the integral is taken over the volume, V, of origin of 

reflected radiation reaching the satellite at time t.  The 

volume is a spherical shell centered at the satellite.  For 

a pulse of 100 msec, Uio inner surface of the shell has radius 
-4 R, = c(t - 10 )/2,  and the outer .surface has radius R, = ct/2 

where t xs measured in seconds and c is the velocity of light. 

Using v a 1C  sec" ", it follows that 

S(t) = 3 x lO'13^ f      dR/R2. 

-4 Furthermore, the signal must be at least 10 ' seconds long so 

that 

R. 

/ 
dP/R2 = 6 x 10'7 

Rl 

If the signal is to be detected at the satellite, S(t) must be 

greater than the threshold of the receiver, that is 

S(t) > 3 x 10"  erg/cm sec.  Then 

(3 x 10'13) (6 x 10~7) N > 3 x 10"15/cm3 

+ 4   3 
N > 2 x 10  /cm 

is the minimum concentratio.-i for a detectable signal at 

R = 3 x 10 cm (20 miles).  At a distance of 100 miles the 

minimum concercr3tion is N' > 5 x lO^/cm , correspondi.ig to 

N' > 10  ppb of aii . 

i- 



The top-side ionosonder Alouette satellites have been in orbit 

since 196 5, and there have been no protests against their 

transmissions.  They are in polar orbits so that they orbit 

over all the countries of the world, including Antarctica. 

However, there is an alternative way of stimulating the magnetic 

spin flip emissions, namely, by electromagnetic irradiation from 

ground-based transmitters such as ham radios, television stations, 

ship to shore transmitters, navigational beacons, civilian 

aviation radio and radar, ground to satellite communications, 

microwave relay, and the like.  Any frequency at shorter wave- 

length ship stimulate spin flip emission v - v in the Raman 

.node.  That is, the photon of frequency v is scattered inelas- 

tically by the magnetic dipole to a frequency lower by v so 

that the scattered photon has frequency v - v , where J = gyB/h 

as before.  Thus if the satellite observes both v and v - v , 

then g can be evaluated, and in this way, the molecular species 

causing the Raman scattering can be identified. 

Consider the scattering of light of frequency v  by a bouAd 

electron of characteristic frequency v .  The total elastic 

scattering cross section is given by the classical formula [3-1] : 

o = —*- r* ;  r  =   • (3-1) 
J    O      O 2 mc 

When a ohoton of incident wave number *'  is inelastically o 
scattered so that  it loses energy IE,   the differential elastic 
scattering cross  section is  given by 

d0        4r; h2    kX, [mi 

~52 
(3-2) 

[(IE) '- kt] 
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In the case of resonant (elastic) scattering, for the total 

cross section, 

o  =  16 rz ~ 10~ cm2 . o 

For the Alouette experiment where resonant magnetic-dipole 

scattering was observed, the cross section is decreased by 

(u/er0)
2 ~ 10"\ 

If Raman scattering in the inelastic magnetic-dipole mode is 

observed, as we propose here, the electric dipole scattering 

probability will be decreased by (AE/hv)2.  Let AE - 1 Mc, 

appropriate to magnetic spin flip of free radicals in the earth's 

troposphere, and let hv ^ 20 Mc by the incident radiation.  The 

the effective cross section relative to that in the Alouette 

experiment will be decreased by (1/20)2 = 1/400.  Then the 

minimum density N of a magnetic species observable at distance 

d will be: 

d =  20 miles; N > 8 x 106/cm3 (5 x 10~7ppm) 
« 

d    =     100  miles;   N  > 6  x 108/cm3   (4   x 10"5  ppm) . 

Amateur frequencies of greater than 1 Mc are  listed in Table   3-1. 

Their input power is  lower by  1/6  than Alouette,  which would 

increase   the  minimum detectable  concentrations N  accordingly. 
The electromagnetic spectrum at  frequencies  above   30  Mc  is  shown 

in  Figure   3-1.     The  civilian  air traffic navigational   frequencies 

used by  ground-based  transmitters  at various  airports world wide 
in the   frequency band 108-135 megacycles may be obtained  from 

sets of charts published by Jeppeson Company   [3-3]. 

Besides  these  sources of radiation which are  able  to stimulate 

magnetic-dipole  spin   flip,   there  is  the  powerful  Over-the-Korizon 

(OTH)   radar which  irradiates most of China,   Russia,   and the ^Jear 

East,   at 20  Mc   [3-4   to   3-7  and Appendix A ,   described  in .Jew 
Scientist,  November 1974], 



Table 3-1.    A Summary of the U.S. Amateur Bands.    (Figures are Megacycles 
A* Means an Unmodulated Carrier, Al Means C.W. Telegraphy, A2 is Tone- 

'Modulated C.W. Telegraphy, A3 is Amplitude-Modulated Phone, A4 is 
Facsimile, A5 is Television, N.F.M. Designates Narrow-Band Fre- 
quency- or Phase-Modulated Radiotelephony, F.M. Means Frequency 
Modulation, Phone (Including N.F.M.) or Telegraphy, and Fl is 

Frequency-Shift Keying) [3-8] 

30 meters 3,500-4000  •- Al 
3,500-3,800 - Fl 
3,800-4000 — A3 and n.f.m. 

40 meters 7,000-7,300 — Al 
7,000-7,200 -  Fl 
7,200-7,300 -- A3 and n.f.m. 

20 meters 14,000-14,350 -- Al 
14,000-14,200 — Fl 
14,200-14,300 - A3 and n.f.m. 
14,300-14,350 - Fl 

15 meters 21,000-21,450 - Al 
21,000-21,250 - Fl 
21,250-21,450 — A3 and n.f.m. 

11  .meters 25,960-27,230 -- Ao, Al, A2, A3, A4, f.m. 

10 meters 28,000-29.700 — Al 
28,500-29,700 -- A3 and n.f.m. 
29,000-29,700 - f.m. 

6 meters 50-54 -- Al, A2, A3, A4, n.f.m. 
51-54 -- Ao 

52.5-54 -  f.m. 

2 meters W-US     , .. ^ A1 > A2j ^ A4) ^ 

— Ao,  Al, A2, A3, A4, A5-   f. 420-450' 
1,215-1,300 
2.300-2,450 v 
3,300-3,500 /      ,.    .,    A-;    ^-j nc    r ~   n,.-\e* 
5 650-5 925 '      '      ' "^ pulse 

lo'.ooo-io.sooi 
21,000-22,000; 

ill   aoove 30.000 

Input power must not exceed 50 watts. PAGE 1  OF 2 
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Table 3-1.   A Summary of the U.S. Amateur Bands (Cont.)  [3-8] 

In addition, Al and A3 on portions of 1,800-2,000, as follows: 

Area Band, kc. Power Day     Power Night 

Minn, Iowa, Wis, Mich, Pa., 1800-1825 500 200 
Md., Del, and states to North     1875-1900 

N.D., S.D., Nebr., Colo, N. 1900-1925 500* 200* 
Mex., States west, incl. Hawaii 1975-2000 

Okla., Kans., Mo., Ark., 111.,    1800-1825 200 50 
Ind., Ky., Tenn., Ohio, W. 1875-1900 
Va., Va., N.C., S.C., and 
Texas (west of 99° W or North 
of 32° N) 

No operation elsewhere. 

* 
Except in state of Washington, 200 watts day, 50 watts night. 

Novice licensees may use the following frequencies, transmitters to be 
crystal-controlled and have a maximum power input of 75 watts. 

3700-3750   Al    21,00-21.250   Al 
7,150-7,200   Al      145-147   Al, A2, A3, f.m. 

Technician licensees are permitted all  amateur privileges in 50 Mc. 
and in the bands 220 Mc. and above. 

PAGE 2 OF 2 
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According to the New Scientist article,   the known transmitters 

and receivers  are at Cypress  and Okinawa.     The beam is  aimed low, 

at  2-4° above  the horizontal,   the   frequency  is  adjustable  around 

20  Mc,   and  the  power  for the  transmitter is  about  300 kW.     This 

geometry is ideal  for observation of Raman-scattered radiation 

by  a satellite  receiver moving  above  the  irradiated area.     The 

signal bounces  alternately off the ground and the ionosphere making 

several hops  as  it crosses  the  irradia^.d terrain.     Presumably 

OTH  uses  a constant wave  transmitter;   thus  the  advantage of 

pulsed transmission plus observation of  reflected signal  vs delay 

time  is  lost.     On the other hand,   the  Raman shift separates  the 

returned signal  in  frequency  from resonance  scattering of  the 

incident  radiation  and prevents  confusion,   simplifying its 

detection. 

3.2     REMOTE   DETECTION  OF EMISSION  AND ABSORPTION  IN  THE   INFRARED 
AND  VISIBLE   USING  PASSIVE   SENSING 

Detection of absorption and emission of pollutant gases  in  the 

lower troposphere,   depending on excitation by  reflected sunlight, 

uses excitation of vibration-rotation  and electronic motions  at 

photon  frequencies  able to  penetrate  the atmosphere.     The  satellite 

or airplane-borne detection equipment may be either a spectrometer 

or  a set of  filters  together with  a photomultiplier able 

to  record the  selected photons.     To  illustrate  this  principle,  we 

describe several  experiments  in which  remote  detection has  already 

been  reduced to practice  as   follows: 

3.2.1     Experiment No.   la   [Ref.   3-9] 

Source of Excitation: 

Sunlight  reflected  from the  surface of  the earth. 

Wavelength  Studied: 

2720   A to  4220  A  for SO-  defection by  absorotion. 

3-9 



4000 A to 5500 A for NO- detection by absorption . 

4800 A to 6300 A for I, for calibration by absorption. 

Equipment:  (See Figures 3-2 and 3-3.) 

A grating spectrometer which views the radiation coming 

from the troposphere below. The dispersed spectrum is fed 

through a mask which has slits where the pollutant absorption 

lines should occur. The dispersed spectrum is wiggled 

periodically across this mask.  If the signal from the 

photomultiplier reaches minimum periodically, then there 

is a resonant beat signal which means that the observed 

absorption spectrum fits the expected spectrum, and the 

pollutant is positively identified. 

Sensitivity: 

Less than 0.2 ppm of pollutant gas seems to be detectable 

under realistic conditions, using measuring equipment in 

a balloon over Chicago at 35 km altitude. 

This experiment measured the product of (pollutant concentration) x 

(path length).  In the second experiment made simultaneously 

from the ground, the concentration was evaluated. 

Over another country, it may not be feasible to make the ground 

measurement so that the concentration cannot be evaluated 

directly in this way.  On the other hand, the Mimbu is daily 

measuring the atmospheric temperature profile around the world. 

If the relative intensities in the various infrared lines of 

the spectrum characterizing a given pollutant are measured, then, 

taking into account the temperature profile from the Nimbus, the 

concentration of pollutant as a function of altitude can be 

deduced.  If, alternatively, the client wishes only to identify 

3-10 
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the pollutant and does not care about the concentration profile, 

the answer is obtained directly from the experiment described 

above. 

The geometry is illustrated in Figure 3-4.  The results of 

Experiment No. 1 are described in Figures 3-5 and 3-6.  The 

equipment used in this comparison is called a Correlation 

Spectrometer. 

3.2.2 Experiment No. lb [Ref. 3-10] 

The wavelengths, equipment and sensitivity are identical with 

those described in Experiment No. la. 

In this experiment, tests of an airborne installation were made 

from a helicopter using a remote sensing instrument (described 

in Experiment No. la) and from a fixed wing Aero Comnander 500 A. 

Surveys were mede along the Toronto water front and around 

Washington, D.C  Individual plumes from the electrical generating 

stations and shore line industries are readily identified., with 

signals reproducible to 10 percent.  The product of pollutant 

concentration x path length was measured as the plane climbed from 

500 to 15,000 feet.  In this way, it was determined that the 

major part .f the pollutant was confined below a 4000 ft altitude. 

With an effective path length of 5000 neters, which may not be 

unusual over an industrial area, the correlation spectrometer 

can detect concentrations as low as two parts per billion, 

corresponding to a minimum signal of about 20-30 ppm-meter.  The 

correlat in spectrometer technology obviously is applicable over 

the whole of the visible and infrared windows of the atmosphere 

and may be varied by adjusting the spacing of the lines scribed 

on the grating and by varying the positions of the photomultipliers 

and masks along the circumference of focus of the grating 

-"-'ectrometer. 
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Experiments la and lb show that any gas pollutant with am infrared 

and/or visible signature may be searched for by a 

passively sensing correlation spectrometer carried at 

satellite altitudes.  In these two experiments, positive results 

were obtained for identifyiig the signatures of NO- and SO^ at 

minimum concentrations of ~0.02 ppm. We may expect similar 

sensitivities for detection of any of the gases listed in the 

foregoing tables which have characteristic vibronic and/or 

electronic signatures in the frequency inter', als corresponding 

to windows in the atmosphere. 

Some interesting applications of this remote sensing technique 

have been listed in Ref. 3-10.  For example, 

• The monitoring of volcanic emissions of sulphur dioxide 

and other gases to provide warnings of impending volcanic 

activity. 

• The detection of fumarole emissions as a guide to the 

location of sources of geothermal energy. 

• The measurement of trace gases emitted by oxidizing 

mineral deposits and the use of this information as a 

guide to exploration. 

• The measurement of gaseous emissions of iodine vapor 

associated with oil field brines as a guide to potential 

oil-bearing regions. 

• The applications of optical remote sensing techniques to 

the detection of fish oil slicks associated with large 

schools of fish. 
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In Figures   3-7  thru  3-li  and  Tables   3-2  and  3-3,   the  data of 
Barringer et  al.,   measured with  their  airplane-borne   technology, 
are  illustrated.     With  respect to detecting oil  slicks,   the 
infrared signatures of some oils one might expect to  find on 
surfaces of water in  rivers,   lakes,   harbors,   and oceans 
are  shown  in  Figure   3-12.     The  atmospheric windows  through which 
these  signatures  might be  detected  in  absorption  are  also  indicated. 

3.2.3 Experiment No.   2   [Ref.   3-11] 

An infrared spectrophotometer is  used either to measure emitted 
radiation   from warm gases  as  in  gas  plumes  emitting against 
a cold background or in  absorption of solar radiation reflected 
from the  earth's  surface.     It has been used in particular for 
measuring ozone bands  at  about  8700  A.     The  intensities  are 
measured in  up  to  64 narrow channels  in  the  8,500  -  12,500 A 
atmospheric window       An  analog-to-digital  converter puts   the 
measured  intensi   ^es  into a  computer  for comparison of their 
intensities with  laboratory  intensities  obtained  for  the pollutant 
of interest at  similar temperatures  and pressures.     These  laboratory 
intensities  are called "training spectra."     The computer connected 
by  transmission  to  the  receiver can simultaneously evaluate  the 
least squares   frequency  and amplitude equation  for up to ten 
infrared-absorbing   (or emitting)   pollutants.     For example,   the 

0 
error in the  9500 A channel   for evaluation of  the ozone signature 
corresponds   to  about  tl percent  absorption. 

3.2.4 Experiment No.   3   [Ref.   3-12] 

In this experiment,   various kinds of rocks on  the earth's surface 
have been identified by their characteristic emittance  features 
caused by molecular vibrations  of atoms  in  the  various  crystal 
structures.     The Earth Resources Technology Satellite carries 
sensors which selectively observe reflected sunlight   (from the 
earth's  surface)   in  channels  of 0.475  -  0.575 pm,   0.580 -  0.680 /um. 
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Table 3-3.  Summary of Airborne Results 

M^. cov:£tf?Uf:6Ns" 

TRAVEP^E 

TS" 

MEA.N SO, 

1*! 1 Leg ; Leg 3 

1 «»•Otis .013 .CJS .017 
4 * 3o:3-C940 .tu .5a .055 

3 osM-mi .O:Q .O:J .817 

4 :::o-iC40 fit** 
.331 

.333 

CA.M.P. STATION 
MEASUREMENTS   3Y H.E.W.) 

TIME 

08C0-0900 

0900-1000 

looo-noo 

SO2 CONCENTRATIONS 
HOURLY AVERAGE 

0.12 

0.10 

0.09 
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Figure 3-12.    Fish and Mineral Oil Spectral Signatures [Ref.  3-12] 
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3.069  -  0.830 ^im,   and 0.6  -  0.7 ptm,   0.7 -  0.8 /im,   0.8 -   l.l ^m, 

and 10.4  -  12.6 ßm.     Iron oxides have been surveyed using the 
fact  that   ferrous  compounds have electronic transitions  reflecting 
strongly  at    1.0 ^m whereas   ferric compounds  reflect mainly at 

0.87  and 0.70 fim.     The  ratios of signals  in  these  two  channels 
as  seen   from altitude  give  a measure of iron ores on  the  surface 

of   the earth.     This experiment was  made on an overflight at about a 

1-km altitude.     Evaluations of observed relative  reflectances  in 
the several  infrared sensing channels  are shown in Figure   3-13 

an-1  Table   3-4. 

3y  similar  analyses,   based on previous  calibration of  reflectances 

in  the  laboratory,   it should be  possible  to  assess  remotely  the 

composition of slag piles  and mine tailings. 

3.2.5 Experiment No.   4   [Ref.   3-13] 

Passive  remote  sensing of electromagnetic  radiations of  an  8  to  10 cm 
wavelength  allowed  temperatures  of  the  surface of the Baltic Sea 

to be  evaluated by  comparison of  relative  intensities  of  the OH 
bands   from the  sea surface.     The  temperatures  computed  from these 
observations  are  shown  in  Figure   3-14,   and are  compared  there 

with  temperatures  measured by ships.     One  sees  that with  an 
additive  constant  correction,   this  method of  remote  assessment 

by  passive   infrared spectral  measurement   is   very  good. 

3.2.6 Experiment :4o.   5    [Ref.   3-14] 

(a) A  Radiometer was  used  to measure  atmospheric emission with 
a resolution better  than  2  cm      in  the  region  1-30 microns; 

(b) a  spectrometer was  used  to  measure  atmospheric  absorption 
using  the  sun  as   a source with  a  resolution of about  0.3  cm 
in  the  1-  to  30-micron  region.     The equipment was  borne on  a balloon. 

(Note:     for down-looking observations  of  atmospheric  absorption, 
the  sun's  glitter could be  substituted  as  a  source.)     A liquid 
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Figure 3-14  Temperature Map of the Caspian Sea. Obtained from 
infrared and Microwave Radiometer Data \ -  3-10 cm 
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nitrogen cooled Ge:Cu detector appears  to be used  for both 

techniques.     The grating spectrometer has  a 1/2 meter focal  length 
with a grating.     The  radiometer uses  a  filter wheel with positions 

for 5   filters.     Typical  spectra are shown  in Figures  3-15  thru 
3-19.     Vertical profiles  for H.O,  CO,  N.O and HN03 obtained by 
analysis of the spectra,   are  shown  in Figure  3-20.     The maximum 

sensitivity obtained appears  to be  about 0.02 ppm. 

3.2.7    Experiment No.   6   [Ref.   3-15] 

A correlation interferometer has been developed for measurement 
of CO and CH.   at 2.35 microns.     The  instrument has  b^n  used in 4 
laboratory tests,   solar-looking ground-based tests   (and therefore 

could probably be  used for looking down  at the  sun's  reflection 

from a boay of water),   and downwarn  looking airplane-based tests 
[on a Falcon].     CO and CH.  were successfully detected.     It  is 
computed that  the method could be used to detect NO-  at 0.4  - 

0.04  ppb  and SO-   at 0.04  -  0.009  ppb.     The   interferometer is 

shown schematically in Figure  3-21.     The  filter had  a half width 
of  10  cm"   . , 

An example of  the  interfercgram measured  for detection of CO is 

shown  in Figure   3-21.     In order to determine  the detectability of 

a number of atmospheric trace  gases by  this method,   calculations 

were made  to simulate the operation of the correlation  interfero- 
meter as   follows: 

• Spectra with 0.5  cm      resolution were obtained in the 

laboratory  for individual gases,   see Table   3-5. 

• Using a computer,   spectra of  various  combinations of 

gases were simulated  for various  filters,   using the 
laboratory-measured spectra. 
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• From each such combination spectrum, an interferogram 

was generated for various atmospheres with and without 

the trace gas of interest. 

The estimated detection sensitivities are listed in Table 3-6. 

Interferograms for various gases, generated by computer as 

described above, are shown in Figure 3-22.  The abscissa is the 

path difference caused by motion of the compensator plate. 

3.2.3 Experiment lio.   7 [Ref. 3-16] 

The most famous of the experiments on passive sensing of the 

lower troposphere from satellite altitudes is that of the 

Nimbus satellite 4, (NASA), a joint project of Oxford and 

Keriot-Watt Universities.  This satellite, in a polar orbit 

between 80 S and 80oS/ carries a radiometer which measures 

thermal emission from the 15 micron band of atmospheric C02. 

Emission is spectrally stlected in six different radiometric 

channels corresponding to observation of six different atmos- 

pheric layers 2 I'S  thick.  This method depends on the fact that 

the CO- at lower altitudes is progressively warmer, so that 

its molecules populate higher vibrational levels.  Data are sent 

routinely from the satellite to Washington, D.C., and from there 

to Oxford University, where they are processed online by computer. 

Profiles of temperature vs altitude and bs pressure are derived 

from the six radiances of each observation, down to ground level, 

for latitude bands 4° wide centered at 4° intervals between 

80 N and 80 S.  The atmospheric concentration of CO- is 
-4 3.3 x 10  by volume.  For one of the six channels, the resolu- 

tion is one cm  in band width and about 5 km in altitude. 
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Table 3-6. Estimated Detection Sensitivities Relative to CO 
vAssumlng Source Intensity to be Independent of Wavelength) 

Filler Center Sensiiivities 
Frequency Delay Ranij« Reblive to 

Species icm) (dtni (mm) CO » 0.04 atm-cm 

ca, 4280 (2.39) 5 5-64 
All other 

5 
2 

CO 4280 (2.39) 2.3-3 5/ 
5.6-6.3 1 
7.4-9.4 

co2 4835 (2.07) 5.0-6.0 
6.0-8.0 
All other 

2 
125 

1250 
H:0 3465 (2.89) All 1250 
NHj 4500 ail) 2.0-4.0 

6.3-7.5 
5 

10 
N,0 3465 am 3.0 ■ 3.6 

8.5-9.7 
s 
0.5 

NO- 1900 (5.26) 2.3-3.7 
S.i-7.0 
9.0-9.5 

0.2 
0.08 
0.08 

NO; * 1630 i6.13i 0.5 - 4.0 
AU other 

0.06 
0.08 

SOj' 1370 (7.30) -2.0 
2.5-4.0 
4.5-5.7 
3.0 • 9.5 

0.03 
0,2 
0.2 
0.3 

CjfV 2S88 (3.35) 1.0-4.0 
4.5 • 5.5 
6.0 ■ 8.5 

0.5 
0.2 
0.5 

C2H6 2988 (3.35) 1.0 - 4.0 
5.0-7.5 

0.02 
0.0O8 

3x lO'O 

7.5-9.2 

cmHz'^ Wi: 

0.02 

•Detector w th a D* * all other spectt-s 
assume detector with a D* * 10' ' cm Hjl/Z W-l 
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Figure 3-22a. CO Effect on Interferogram 
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Figure 3-22b. NO Effect on Interferogram 
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Figure 3-23 shows the weighting functions applied to the radiances 

measured in each of the six radiometric channels, and Figure 

3-24 shows the temperatures evaluated for each of the four 

channels at the four highest altitudes, and how the averages 

of those temperatures are distributed globally for one particular 

day.  The temperatures evaluated for upper atmospheric levels are 

routinely published in the quarterly Nimbus reports (Global 

Stratospheric Analyses, Oxford University, Atmospheric Physics 

Department), whereas those for ground levels are evaluated on-line 

by the computer but not published.  The value of this experiment 

is that it has been reduced to a routine assessment of the 

vertical temperature profiles of the atmosphere ill over the 

world, daily and hourly, with satellite-borne equipment.  These 

temperature profiles will be useful in evaluating concentrations 

of gaseous pollutants in the lower troposphere, detected from 

other satellite-borne equipment (see Figure 3-25) [Ref. 3-16e]. 

3.2.9  Experiment No. 8 [Ref. 3-17] 

Measurement of rotational emissions from interstellar molecules 

using ground-based radiotelescopes with diameters of, e.g., 10 

meters.  These radiations, typically in the region of 1 to 100 

kilomegacycles, may be attenuated by as much as 100 decibels 

in traversing the earth's atmosphere.  The molecular species which 

had been observed up to 1973 are listed in Table 3-7 together with 

the rotational radio frequencies which characterize them.  The 

interstellar clouds which contain these molecules move both 

toward and away from the solar system, therefore the Doppler 

broadening of the rotational emission lines is large.  Rotational 

spectra observed for several interstellar molecular species are 

shown in Figure 3-26.  The clouds are usually optically thick so 

that the brightness temperature equals the excitation temperature 

of about 4 K to 450K. The emissions come from column densities 

of 10  to 10  molecules per cm .  Reversing the geometry, a 
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lO-meter radio dish carried above the atmosphere looking down 

at trace gases in the lowest 50th of the atmosphere may be able 

to detect them at concentrations of perhaps a part per billion 

in emission against a cold surface.  Instead of Ooppler broad- 

ening, the rotational lines will be broadened by collisions. 

3.2.10 Experiment No. 9 [Ref. 3-18] 

A balloon-borne grating spectrometer with a spectral resolution of 

0.35 cm* was used to observe the solar spectrum in the region 

4.76 to 5.5 microns.  (Thus in principle this instrument could be 

pointed down to observe similar phenomena against the glitter 

image of the sun in the surface reflection of oceans, lakes, 

rivers and ponds.)  Absorption lines and bands of solar CO, 

telluric H?0, CO., and S^t« as well as NO were observed to a 

limit of x to 3 ppb.  The detector was a liquid helium cooled 

GE:Cu solid-state crystal.  Samples of the observed absorption 

spectra are shown in Figure 3-27. 

3.2.11 Experiment No. 10 [Ref. 3-19] 

An infrared heterodyne radiometer with a spectral resolution of 

0.04 cm  was used for remote detection in the laboratory at 

room temperature.  Each gas was observed remotely in air at 

1 atm.  Sensitivities as low as a few parts per billion were 

achieved.  The detected radiation from SO,» CO-, 0-, NH^, and 

CH. was mixed with the output of a local oscillator which was a 

CO. laser, at 10.6 microns.  A CO laser at about 5.2 microns 

was used as the local oscillator for remote detection of NO in 

stack gases from stationary power sources.  The local laser 

radiation and the radiation to be detected are combined by a 

beam splitter and then focussed onto the detector which acts 

as a mixer.  The amplifier-and-filter system that receives the 
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output of the mixer is sensitive to the beam frequencies above 

and below the local laser frequency. Each laser could be tuned 

over a large number of rotational frequencies by adjusting a 

grating at one end of the laser cavity.  The mixing detector 

was a high-speed germanium photo-conductor doped with copper. 

The sensitivities achieved for detection of various pollutants 

are shown in Table 3-8.  Using these sensitivities, the authors 

computed that the minimum detectable concentration of 03 would be 

2 ppb under an inversion layer at a 1-km altitude, and that a 

downward-looking heterodyne radiometer in a space craft could 

monitor absorption lines of various gases by their absorption 

lines in the earth's 300oK blackbody spectrum. An analysis of 

the potential degrading effects of air turbulence indicates 

that, for radiometers operating above 5 microns, the collecting 

aperture at the satellite can be made as large as a 1-meter diameter. 

3.2.12 Experiment ;io. 11 [Ref. 3-20] 

An infrared heterodyne spectrometer using semi-tuneable semicon- 

ductor diode lasers was used at about 8.5 microns to measure 

laboratory spectral profiles of N-O and to measure thermal emission 

from Mars and the .Moon from the ground.  These measurements were 

made using a 30-inch telescope to concentrate the infrared emissions. 

The collected infrared emissions are mixed with the output of a 

local source, namely the semiconductor diode laser emission, 

and the mixed signal is detected at the difference frequency, 

called the intermediate frequency.  T.ie limiting spectral resolu- 

tion is set by the spread in the local semiconductor diode laser 

frequency, which can be less than 100 kilocycles/sec.  Thus 
o 

spectral resolutions exceeding 1/10 are possible.  This high 

potential resolution makes possible assessment of atomic and 

molecular species in remote sources at l^w densities and low 

temperatures.  Figure 3-28 shows laboratory measurements of the 

N_0 absorption line, and ground-based measurements of Mars and the 
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Table 3-8.    Experimental Sensitivities to Pollutant Gases.   The Gases 
Were at 298 K, Except for NO, Which Was at 390oK.   The Band Desig- 
nations I and II Refer to the Upper and Lower of the Two Mixed 

(1000, 0200) States 

1      1 1 

SENSITIVITY WAVELENGTH 
GAS (atm cm) LASER LINE (um) 

NITRIC OXIDE ID"2 12C160: 7-6. P(15) 5.19 

SULFUR DIOXIDE ,0-2 12C1802: 00
Ol-II. R(40) 9.02 

OZONE 2 x ID"4 12C1802: 
12C1602: 

O00l-il, p(40) 9.50 
i 

2 x 10"4 00Ol-II. P(14) 9.50 

ETHYLENE 5 x TO"5 12C1602: 00
ol-I, P(14) 10.53 

AMMONIA ID'4 12C1602: Q0
01-I, P(32) 10.72 
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Moon at 8.5 microns. Diode lasers emitting at 5-34 microns are 

commercially available from Arthur D. Little, Inc., having 

continuous tuning over 30 kiloraegacycles at 8.5 microns. The 

quantum efficiency of the photodiode detector was between 2 

and 6.5 percent. Hence, considerable improvement in detection 

efficiency is possible and should be limited only by quantum 

noise in the diode. This experiment used a PbSe semiconductor 

diode laser, and a HgCdTe photodiode as a photomixer and an 

8-channel filter bank as receiver.  The signal from the source 

was fed into the photomixer alternately with a calibration 

signal from a blackbody using a vibrating chopper. 

3.2.13 Experiment No. 12 [Ref. 3-21] 

Experiments pioneered by Alistair Gebbie at the National Physical 

Laboratory on millimeter wave detection of pollutant gases used a 

Cassegrain telescope mirror, that was small enough to fit in a 

suitcase and which focussed radiation onto a Michelson interferometer, 

The detector was a bolometer at room temperature.  Resolutions of 

about 0.2 cm  were obtained.  The interferometric record was 

put through a Fourier transform to obtain the spectrum of 

amplitude against frequency.  Since then, these experiments have 

been much improved using InSb bolometers cooled to liquid 

helium temperatures.  Spectra have been recorded from 300 to 3000 

microns with a sensitivity as low as 0.06 7 cm .  The instrument 

has been used for sideways viewing of atmospheric emission at 

airplane altitudes in a Comet and in a Corcorde 002, and presum- 

ably in a down-looking geometry would detect absorption lines of 

the atmospheric pollutants against the radiation of the earth's 

surface, and against that in the solar glitter from the surfaces 

of bodies of water.  Observed spectra are shown in Figure 3-29, 

and listed in Table 3-9.  Experimentally measured mixing ratios 

are shown in Table 3-10.  Signal-to-noise ratios of 50:1 have 

been achieved. 
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Table 3-9. Partial List of Spectral Line Assignments 
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Table 3-10.    Experimentally Measured Mixing Ratios 
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3.2.14 Experiment No. 13 [Ref. 3-22 & 3-23] 

The balloon-borne, 1/2-meter grating spectrometer with a liquid 

helium cooled Ge:Cu photodetector was used to obtain absorption 

spectra against the setting sun as a source. Spectral absorptions 

were observed which have been assigned to CF-Cl- at 921 and 923 cm , 

and to CF Cl, at 847 cm" .  These spectral features occur in a 

window of the atmosphere between minor absorptions of HMO., and CO.. 

The measured spectra are shown in Figure 3-30. By comparison 

with the absorption coefficients measured in the laboratory for 

these gases, mixing volumes of 5 x 10~  and 2 x 10~  were 

estimated respectively for the abundance of these two pollutants. 

Presumably in a down-looking geometry, concentrations of these 

gases in the lower troposphere could be measured to equivalent 

limits by measuring their absorptions of the continuous spectra 

of ground-based electrical lighting and the sun glitter. 

3.2.15 Conclusions 

We may conclude this section by assuming that it is assured that 

any gaseous pollutant which has rotational vibronic and/or 

electronic signatures in spectral windows of the atmosphere may be 

sensed remotely by the corresponding reflectance of sunlight if 

its concentration exceeds 0.02 ppm over a path of 1 km. There 

is a possibility to lower this threshold by combining spectroscopes 

simultaneously observing several bands characteristic of a given 

pollutant. This technology has been demonstrated up to a 30-km 

altitude (and perhaps has already been demonstrated up to a 30-km 

altitude and is already in use on satellites) .  The 

* 
See, for example, titles announced for the International Conference 

on Environmental Sensing and Assessment to be held September 14-19, 
1975, in Las Vegas, Nevada, co-sponsored by the World Health 
Organization, the U.S. Environmental Protection Agency, and 
the University of Nevada. 
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sensitivity may be increased also by finding more sen'sitive 

microwave and infrared detectors and more powerful reference 

lasers for heterodyning. 

Consider the molecule, for example. 

B 

where A, B, X, and Y are ligand groups such as 0, OH, F, S, SH, 

Cl, CN, CO, NH,» cn
H2n+l' 0R' and R where R is a hydrocarbon ligand, 

etc. To determine the presence of this molecule in the low 

troposphere from satellite altitudes, one could construct masks 

in the spectrograph to fit the vibration spectra of two or more 

of these ligands, and construct two or more masks for vibration 

spectra of the bonds between P and the ligand groups.  In this way, 

assessment of a particular polyatomic molecule could be obtained, 

at concentrations of down to 0.02 ppm.  Heterodyning technologies 

where several characteristic molecular frequencies are combined 

with several reference laser frequencies have been proven as workable 

possibilities.  It seems possible that the minimum concentration 

of assessment can be lowered. 

Furthermore, the reflectance technique is practical for assay 

of oils on surfaces of waters and of pollutants in waters and for 

assay on the surface of the earth such as slag piles, mine tailings, 

ore piles, and the like. 
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3.3  EXCITATION OF VISIBLE AND INFRARED EMISSION AND ABSORPTION BY 
GROUND-BASED SOURCES SUCH AS FIRE, LIGHTNING, ARTIFICIAL 
ELECTRIC LIGHT, AND SUN GLITTER ON OCEANS, LAKES, RIVERS AND 
HARBORS 

Ground-based sources which are capable of causing emission and 

absorption of electronic- and near-infrared transitions offer a 

gratuitous methodology of remote assessment of tropospheric gases, 

as follows: 

Fc-sst fires and urban fires including flare-offs of gases from 

oil wells and refineries can excite atomic and molecular emissions 

which are lines and bands in the visible and infrared, and can 

produce a visible infrared continuum against which absorption bands 

of gaseous molecules and their ligands may be observed.  The 

same is true of concentrations of electric lights, such as those 

that characterize cities, highways, and airports at night.  Some 

kinds of artificial lights emit lines (Ne, Na, Hg, etc.) as well 

as continua, but usually these lines are no hindrance (such lines 

are a common phenomenon in photographic exposures with astronomical 

telescopes, the radiation being scattered into the telescope 

by the atmosphere) . 

The sun glitter, by specular reflection on bodies of water, is a 

well—known phenomenon in the astronauts' photographs of the 

surface of the earth.  See, for example. Specular Reflections 

of the Sun, This Island Earth, NASA SP-250 (1970) , Washington, 

D.C., pp. 42-45, 49, 52, 54, 57 and 58; Earth Photographs from 

Gemini III, IV and V, NASA-SP-129, Washington, D.C. (1967), 

pp. 33, 34, 45 and 216. 

The glittering spot enlarges as the wind waves enlarge. 

The spot is almost as bright as the sun and reflects all wave- 

lengths able to come through the windows of the atmosphere.  Thus, 
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I 
i 

measurements made with a spectrograph having its slit pointed at 

the glitter (or at the source of artificial light) and extending 

beyond the image of the source will show the spectrum of the 

source at the center of the photographic plate, overlain by 

absorption bands of pollutants, while the images of the extensions 

of the slit into the dark regions on each side of the light source 

might show the spectrum of emission lines and bands of excited 

atomic and molecular pollutant species.  See Figure 3-31. 

i 

A! 

^"IT^ POLLUTANT 

;=• m 

:      SOURCE AND. 
.— POLLUTANT 

POLLUTANT 

Figure 3-31.    Spectra Observed with Speclograph Slit Laid Across Sun's 
Glitter Into Regions of Little Re+lection from Earth's Surface 

If the source is  the sun's glitter,   there will  also be Frauenhofer 
absorption  lines.     These  are well known  and therefore can be 
corrected.       An orbiting satellite will have frequent 
opportunities to measure spectra excited by the sun glitter.     The 
sensitivity of detection  can be enormously  increased by  replacing 
photographic flim with photomultipliers.     Only about  3 photons 

Actually, in the solar light reflected from the ground, the 
Frauenhofer absorption lines are to a large extent filled in 
by Raman  scattering   (Ref.   3-23]. 
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are needed to produce a count in a photomultiplier whereas 

sufficient blackening of film to produce a line (compared with 

random black spots in the film) requires a much larger photon 
flux. 

3.4  EXCITATION BY TROPOSPHERIC LIGHTNING 

3.4.1 Experiment No. 14 [Ref. 3-24] 

A slitless spectrograph has been used in Tucson since 1960 to 

study the spectra of lightning flashes.  Being slitless, the 

image of the stroke is depicted on the film in a wide range of 

wavelengths. Also, absorption bands appear in the continuum 

light of the stroke.  The spectrograph has an aperture of 8 cm, 

a focal length of 61 cm, and a dispersion of 25 A/mm.  Spectra 

have been obtained in the near ultraviolet, visible, and infrared, 

from 4000 A to 9500 A.  Photographs have been made using a fixed 

film holder so that integrated spectra are obtained for several 

strokes, and using a rotating drum for study of single strokes. 

Emission lines and *absorption bands observed are listed in 

Table 3-11.  Reproductions of some of the infrared spectral 

features are shown in Figures 3-32 and 3-33.  In emission, lines 

were obtained only from neutral atoms such as nitrogen, oxygen, 

argon, carbon, and hydrogen.  No molecular bands were observed 

in emission, but 0, and H-O bands were observed in absorption of 

the continuum light of the stroke.  The emission lines of the 

neutral atoms come even from levels close to the ionization 

potential.  Multiple discrete lines of 01 are emitted from upper 

excitation levels above the ionization potential of 01. 

3.4.2  Experiment No. 15 [Ref. 3-25] 

A larger slitless spectrograph, focal length 122 cm, aperture 

20 cm, and dispersion 12 Ä/mm gave new information, for example, 

absorption bands of water vapor near the center of H alpha and 
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Table 3-11. Lines Identified In the Slltless Spectrum of Lightning 
from 6563 to 8820 A 

Muitiplet No. 
i Source & UEP(eV 

(1) 12.0 

Remarks 

6562.8 H v. broad 
6610.6 Nil (31) 23.4 sharp 
6645.0 NI (20) 13.6 diffuse          t 

6053.4 HI (20) 13.6 diffuse 
^   6723.1 NI (31) 13.6 diffuse 

6726.4 01 (2) 10.9 diffuse; 2 lines within 0.2 A 
6868 0, absorption band 
7156.8 01 (38) 14.4 single line. UEP is 0.8 «V above 

ionization potential of 01. See 
also 01 (34), (35). (37). (53). 

7423.6 NI (3) 11.9 
7442.3 NI (3) 11.9 
7468.3 NI (3) 11.9         blends with 

0 I (55). 
7476 01 (55) 15.7 central X tor 6 lines within 9.3 A 
7503.7 Ar I (8) 13.4 
7593 0, absorption band 
7723.8 Ar I (1) 13.1 
7712.0 01 (1) 10.71 usually show 
7774.2 01 (I) 10.7 as a close 
7775.4 01 (1) 10.7 pair. 
7939.5 01 (35) 14.0 
7943.2 01 (35) 14.0 blend of 6 components resolved 
7947.2 01 (35) 14.0 as two lines in spectrum. 
7947.6 01 (35) 14.0 
7950.8 01 (35) 14.0 blend of 6 components resolved 
7952.2 01 (35) 14.0, as two lines in spectrum 
8014.8 Art (1) 13.0 
8103.7 A.-1 . (3) 13.0 -. 
8115.3 Arl (1) 13.0 
8IC48 NI (2) 11.1 
8188.0 NI (2) :IJ 
8200... NI (2) 11.3 
8210.6 NI (2) 11.8 
8216.3 NI (2) 11.8 
8223.1 NI (2) 11.8 Blends with 0 I (34) 
8228 01 (34) 14.0 Central i for 7 Lines within 13.3 A 
8242.3 NI (2) 11.8 
8264.5 Arl (S) 13.3 
8403.2 Arl (8) 13.2 
8424.6 Arl (3) 13.0 
8446.6 01 (4) 10.9 Central i for 3 Lines within 0.4 A 
8521.4 Arl (8) 13.2 
8567.7 NI (8) 12.1, 

i*\ 12 1 ««MO NI Comnletelv resolved multiolet 
8629.2 NI (8) 12.1 with no blends 
8655.9 NI (8) I2.|J 
8680.2 NI (1) 11.7 / 
8683.4 NI (I) II.7 
8686.1 NI (1) 11.7 
8703.2 NI (l)lf.7 
8711.7 NI (1) 11.7 * 

8718.8 NI (1) 11.7 
8728.9 NI (1) 11.7 
8747.4 NI (1) 11 7 
8820.4 01 (37) 14.1 Single line 
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in its wings, and more absorption bands between the absorption bands 

of Oj  at 6868 and 7593 A. The endssion lines are broadened by Stark 

effect in the strong electric fields of the strokes so that theoreti- 

cal dispersions are not obtained.  Comparison of relative intensities 

of emission lines of multiplets allows the temperature of the lightning 

strokes to be determined as 24,000 to 300,000oK.  Salvane is developing 

the use of a slitless spectrograph at 3000 to 3300 A [3-24]. 

3.4.3 Experiment No. 16 [Ref. 3-26] 

Orville uses a slitless spectrograph with a moving high speed 

streak camera.  The focal length is 20 cm, and the dispersion is 72 A/mm 

The writing rate of 0.12 nra/iisec produces a 4-wsec time resolution. 

In this way, it is observed that singly ionized Nil emissions emit 

first within 10 usec followed by an emission of a continuum, which 

in turn is followed by neutral emission of 0, C, N and especially 

H as shown by the streak spectra in Figure 3-34.  The stroke tempera- 

ture vs time is found to decay from ^36,000 K with a half-life of 
18   3 

about 20 jsec.  The electron densities are -10 /cm in the first 

5 ysec decreasing to 10 /cm at 25 usec.  Electron densities may 

be much higher at times less than "5  ysec. Pressures in the stroke 

at 5 sec are about 10 times atmospheric, and densities are 

correspondingly increased about a factor of 10 (see Figure 3-34) . 

(N.3. , although Mill emissions are predicted, they had not yet been 

observed in Experiment 16.) 

3.4.4 Summary 

One notes that neutral emission lines of argon are excited in 

lightning strokes.  Argon is present to about 1 percent by volume 

in air. Whe metal reprocessing plants for nuclear fuels are 
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active, their stack gases contain several percent of krypton, 

xenon, bromine and iodine.  In principle, lightning storms far 

downwind of the stacks might excite observable emission of the 

neutral and singly ionized states of these atoms and hence allow 

their presence to be detected by remote assessment in the visible 

and near infrared.  Measurements on atmospheric spectra stimulated 

by lightning should be carried out near industrial centers in order 

to determine if interesting pollutants may be assessed remotely 

this way. 
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SECTION 4.  METHODS OF ASSESSMENT BY ACTIVE METHODS: 
SUCCESSFUL EXPERIMENTS 

4.1  ACTIVE PROBING AT AIRPLANE AND SATELLITE ALTITUDES 

There have been several active measuring devices used at 

airplane and satellites altitudes.  The importance of many of 

the following experiments lies in the fact that the surface of 

the earth has routinely been being probed by artificial electro- 

magnetic radiations produced at satellite altitudes and beamed 

at the ground.  Experiments 1 through 4 assess quantities other 

than gases. 

4.1.1 Experiment No.   1 

Skylab carries a 13.9-GH2 radiometer/scatterometer and a 13.9-GHz 

radar altimeter (X ~ 2 cm) plus its transmitter.  All satellites 

use data transmission capabilities; e.g., ERTS A and B use 20 

Megacycle data transmission [4-1]. 

4.1.2 Experiment No.   2 

An active microwave radar at 16.5 GHz, sidelooking, and two 

scatterometers at 400 MHz and 13.3 GHz, borne on a Lockheed 

NP-3A-Orion   [4-1]. 

4.1.3 Experiment No.   3 

An active 13.3-GHz microwave scatterometer borne on a Locxheed 

Hercules {NC-130B) [4-1]. 

4.1.4 Experiment No.   4 

An active radar altimeter borne on an  RB-57A.  These latter experi- 

ments have been tested over the U.S., Gulf of Mexico, Caribbean, 

Atlantic, Mexico, Brazil, Argentina, and Peru [4-1]. 
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4.1.5 Experiment No.   5 

The polar orbiting Alouette  satellites,  which have been in orbit 

since  1965 have been  regularly  irradiating the earth's  atmosphere 

with pulses ot   0.2  to  14.5 Mc,   at  300 W   [4-2],   see Subsection  3.1, 

4.1.6 Experiment No.   6 

A neon laser   (5401 A ± 0.01 A)   was  airborne on a Turbo-Commander 
aircraft  flying at -500  ft above Lake Ontario.     Peak pulse power 

of the  laser was  30 kV,   at pulsewidth 3 nsec,   at 100 pulses/sec. 
Tin« of  flight of return of the  laser pulse  reflected back  to  the 

aircraft was measured to determine  the  depth of the  layer of 

water which was  scattering the laser light.     In clear water,   this 
laser light probes  to  a depth of 120  ft,  whereas  in  turbid water, 

the effective depth may be  reduced to  about 30   ft.     The  time of 
return by  reflection  from the bottom can be measured if the water 
is  not  too deep.     Signal-to-noise ratios of  100 were obtained 
at an ^1-km altitude   [4-3]. 

4.1.7 Experiment Wo. 7 

Routine irradiation of Eastern Europe, Russia, China and India 

by over-the-horizon, Doppler-shifted ionosonde transmission at 

about 20 Mc, see Appendix A, at about a 300-kW power.  The trans- 

mitters are tunable to optimize reception. 

4.1.8 Experiment No.   8 

Routine irradiation of world countries by amateur radio trans- 

mitters, communication satellite transmitters, navigational and 

aircraft transmitters, airplane and fixed radars, submarine to 

shore transmitters, The Voice of America, microwave transmitters, 

ICBM radars, communications satellites, etc. 
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4.1.9 Experiment No.   9 

A very large  (geographically and energetically)   Doppler-shifted 

backscatter experiment was conducted at Jicanarca,  near Lima,  Peru, 
[4-4],   for many years by the Bureau of Standards at Boulder, 
Colorado.    The  frequencies used were -»40 and --80 Mc,  at powers 

of several hundred kilowatts.    The purpose was to study movements 
of plasma layers of the ionosphere.    Lima is at about zero degrees 
magnetic latitude,  so the reflected electromagnetic signal comes 
directly back down to the laboratory. 

4.1.10 Experiment No.   10 

R.  M.   Schotland   [4-5,4-6]   has measured wate»  vapor concentration 
up to a 2.1-km altitude usi'ig a ground-based pulsed ruby laser beam 

scattering backward.     The  laser wavelength was  tunable through 
the range  6934-6950 Ä,   delivering  0.5 J pulses of a 40-nsec duration, 

at a rate of one every  7  sec.     The beam divergence was about 

5 mrad.     The lines of water responsible  for enhanced backscatter 
are shown in Figure 4-1.    The detector was  a photomultiplier. 

The bandwidth was  2 megacycles.     The optical efficiency was  0.4. 

The signal-to-noise  ratio was  10  at 7 km,   filter of 4 A half 

width mounted in  front of the  14  stage wi;h a photomultiplier. 
Presumably the  signal-to-noise  ratio can be  improved by better 

thermal  control of the  ruby laser,  the  filter,   and the photomulti- 
plier,   and with a laser capable of more power per pulse.     The 

laser used in this experiment had a spectral width —0.1 A and a 
7 

power level  greater than 10    watts in  a pulse of -100  nsec.     The 
• 

radiance background  for the   7000  A region is  given  as 

2  x 10        watt/cm /sterad/Ä  for night and 2  x 10      watt/cm / 
sterad//.  for day.     The signal-to-njise  ratios   for levels  up to 
5 km are quoted as —25 at night and --20  in the day.     The 

1/2 signal-to-noise  ratio is expected to improve  as n        where n  is 

the number of pulses. 
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4.1.11 Experiment No.   11 
i 

A pulsed N-./Ne tunable dye laser 100-kw peak power for detection 

of various kinds of chlorophyl in water "own to about 20 meters 

depth has been investigated in the laboratory and on aircraft. 

The capability seems able to measure chlorophyl down to concen- 

trations of ppb.  Laser excitation spectra for various kinds of 

algae range from 4200 A to 6750 A, while their fluorescent spectra 

range from 5800 to 6850 A.  About 2 percent of the energy in the 

laser pulse is reflected from the surface of the water.  With Ne, 

the las°r frequency is 5401 A.  With N-, and with a dye cell 

attached, the ^aser is tunable from 4000 to 7000 A.  The pulse 

width is 5 to 10 nsec, and the rep' ition rate is 100 to 1000 pps. 

The fluorescence spectra of the various kinds cf algae were 

measured using a grating and photomultiplier.  The time for 

emission of fluorescence was found to be about 8 nsec, with 

quantum yields of about 1 percent.  The signal-to-noise ratio was 

about 100 at a I-km altitude for the airplane.  A schematic cf the 

time of flight vs pulse height is shown in Figure 4-2, and some 

fluorescent spectra for various algae species are shown in 

Figures 4-3 and 4-4 [Ref. 4-7]. 

4.1.12 Expe-iment No. 12 

The hydroxyl radical (OH) resonance fluorescence in air has been 

detected by reflection of tunable laser radiation near 2828 A in 

the ultraviolet.  Concentrations determined in this way ranged 
8 3 from abo"t 10  hydroxyl radicals per cm in the daytime uO about 

10 per cm at night.  The hydroxyl transitions causing the 

fluorescence were those for 2Tr ■*-  ■*■ 2^.  The laser * ght was 

derived from the second harmonic of a dye laser consisting of 

rhodamine dissolved in methanol.  The repetition rate was one 

per 10 sec, at about a 0.5-usec pulse width, 6 mJ per pulse, 

and about a 0.4-cm  spectral width. 
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Fine  tuning of the  laser was  accomplished using a grating for end 
reflector in the  laser together with  a Fabry-Perot etalon.     The 

observed fluorescently reflected spectra are shown in Figure 4-5. 

The power of the  fluorescent signal was   found to depend linearly 
on the power of the  laser pulse   [4-8]. 

4.1.13 Experiment No.   13 

Gibson and Thomas   [4-9]   made measurements with a ground-based 
laser,  wavelengths variable between  2970  and 3080 A,  between ground 
level  and about 20  km.     The  transmitter consisted of  a flash-lamp- 
pumped dye  laser,   tuned with Fabry-Perot etalons,   frequency 

doubled by an ammonium dihydrogen phosphate   (ADP)   crystal 

oriented  for critical phase matching.     The  receiver used a one- 
meter mirror with  filters  and a photomultiplier.     The data 

represent  firings on  five nights with between  100  and 100C 

firings per night,   and are consistent with returns expected for 
Rayleigh scattering  for a standard atmosphere.     The parameters 
of the UV laser were  about  3000 A tunable wavelength,   at 0.2 nra 

beamwidth,   1 pulse/sec,   0.2  mJ per pulse,   5 msec pulse width. 

The differences  in  attenuation between two different wavelengths, 
namely  3080  and 30 35 A,  were interpreted as  caused by ozone,   from 

which  interpretation of a measure of the ozone concentration vs 
height was obtained.     Improvements on the  technology  and 

methodology  are anticipated. 

4.1.14 Experiment No.   14 

Raman backscatter from the real atmosphere has been accomplished 

by various people [4-10]. For example, D. Leonard observed Raman 

backscatter from atmospheric ni' rogen, using a pulsed nitrogen 

laser at 3341 A. The Raman frequency shift for nitrogen is 2340 cm 

The Raman return occurs, therefore, at 3625 A. Leonard also 

observed the 0- Raman vibrational return. The laser was low 

powered and the range therefore was limited to 1.2 km. 

-1 
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4.1.15 Experiment No. 15 

J. Cooney [4-11] detected the nitrogen Raman backscatter from the 

real atmosphere using a pulsed ruby laser at 694 3 A.  Melfi 

et al. [4-12] used a frequency-doubled ruby laser to detect Raman 

backscatter of water vapor to altitudes of 1.5 km.  Aerosol 

backscatter does not show up in the Raman return because the Raman 

backscatter is caused by gases only, so neither clo'.ds nor 

other particulates interfere with observations. 

4.1.16 Experiment No.   16 

Detection of SO-,   CO,   and CO-   in stack gases  has been proven by 

Kobayasi  and Iraba   [4-13],   using a  ruby  laser  and a monochromator 

to select  the  Raman backscattered light. 

Preliminary  results of Schwiesow   [4-14   &  4-15]   indicate  that the 

cross  section  for Raman  scattering   from the CH  stretching bond 

in organic molecules  may be  20  times  that of N-,   large  enough  to 
allow detection of organic pollutant  films on water surfaces. 

See,   also,   Gross  and Hyatt   [4-16]. 

4.1.17 Experiment No.   17 

The  feasibility of measuring water  temperatures  to depths  of  30  m 
by  remote observation of  Raman  backscatter has  been  demonstrated 

in  the  laboratory by Chang  and Young   [4-17] ,   using a dye  laser 
(AVCO C950)   of 0.3-watt  average  power and a monochromator  at  4590 A 
and a photomultiplier.     The  Raman-shifted spectrum of the OH 

bond returns  at  3911 A corresponding to    &v =  3450  cm     .     The 
polarization of  the backscatter line  is  temperature dependent  as 

are  the  intensities  at  different wavelangths.     About  10     photo- 

electrons  can be collected in  20  sec  using a laser of 0.3-watt 

average power carried on  a helicopter  flying at a  50-m altitude 
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using a single photomultiplier.  At a 100-mile altitude, they would be 
decreased by -10 .  In order to receive 10 photons in 20 sec, the 

number of photoroultipliers could be increased so that the area of 
their windows went up by a factor of 1000 or the laser power 

could be increased or both.  For example, the average depth of the 
ocean thermocline should be measurable from satellite altitudes 
by Raman backscatter according to the present analysis. 

4.2  SAFETY ASPECTS OF LASER PROBE FROM A SATELLITE 

Consider safety aspects of visible laser light, \ -  6000 k.    We 
choose a visible wavelength because visible and ultraviolet light 
are more dangerous than infrared.  The eye is essentially opaque 
to radiation longer than 14,000 A (because it is made chiefly 

of water) so that such light is not focused on the retina whereas 
visible is.  We take the square divergence of the laser beam 
to be 10" , as follows: 

The theoretical square divergence is (D/XR) 
where D is the aperture (--10 cm) , \ is the 

wavelength (^lO-4), and k is the distance C^IO-7). 

In practice, the square divergence appears to be smaller, about 
4 x 10~  for a laser at 3000 A [4-18] equivalent to ~10"6 at 

6000 A.  Suppose we consider a satellite-borne experiment which 
carries a laser of 1-watt power, making 1 pulse per sec, equiva- 

18 2 lent to 3 x 10  photons emitted per sec, on an aperture of ~1 cm . 
We assume a target of polluting gases at 10 ppm in an atmospheric 
ground layer of a 10 -m thickness, equivalent to 3 x 10  atoms/cm2 

— 25   2 The electric dipole scattering cross section is 7 x 10   cm / 

electron.  The number of photons scattered resonantly is therefore 
(3 x 1018) (3 x 1019)(7 x 10'25)/sec = 6 x 1013/sec per electron. 
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In returning to the satellite, the photons are diminished by 
2    -15  2 

1/4 R   10  /cm so that there are 0.06 photons received 
2 

per cm per sec, or 6 photons received in 100 sec for molecular 

targets containing one electron.  Suppose there are six identical 

bonds in the target (e.g., six bonds of CH with two electrons 

per bond), then the number of photons received at the satellite 

is increased by 12 times, etc. 

The wattage of a 1-watt laser received on the ground is less than 

10  watt/cm or for example, 1 joule per 30 nanosec focussed on 

the retina.  This is a million times smaller than the level of 
2 

corneal irradiation prasently judged to be safe, namely 1 watt/cm 

in the visible [4-19]. 

We have used the cross section for elastic scattering in the above 

analysis.  The magnitude of the cross section for Raman scattering 

can be made to approach that for elastic scattering if the laser 

frequency is chosen to approach a resonant frequency of the 

molecule to be detected. 

If one were to use laser probes at satellite altitudes, it would 

be reasonable to direct the laser beam pointed downward along the 

line connecting the satellite with the sun (on the day side of 

the earth) because humans and animals do not look at the sun 

and hence would not receive laser radiation in their eyes. 

A photomultiplier gives a positive count with as few as three 

visible photons.  Hence, these signals are detectable.  We have 

taken no account of the effects of atmospheric turbulence (twinkling) 

Some measured Raman cross sections are shown in Table 4-1 [4-17]. 
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4.3 RECENT   DEVELOPMENTS   IN   LASER TECHNOLOGY 

A summary of progress in several kinds of lasers, their wavelengths, 

efficiencies, and powers is shown in Tables 4-2 thru 4-5.  Mirror 

sizes needed for efficient communications between the earth and 

satellites in low earth orbit and in geo-synchronous orbit are 

shown in Table 4-6.  For detection, fewer laser photons are 

needed than for communications, so the mirror sizes can be 

smaller. 

4.4 PRESENT CAPABILITIES OF BOLOMETRIC SENSORS AND THEORETICAL 
LIMITS TO SENSITIVITIES 

Present and projected radiometric sensitivities and theoretical 

limits to sensitivities are shown in Figures 4-6 and 4-7 [4-20]. 
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Table 4-2.   Characteristics of High-Intensity Lasers [4-21] 

Laser Wa»e-   Effi-        Peak      Pulst    Laboratory 
Medium     length   C'«ncy   power   dura- 

Vi)        (W)        tion 

Nd : glass 1.06 wm 0-2 7x10" 1-5 ns Battelle, Columaus, 
USA 

4x10" 230 ps Lawrence 
Livermore, USA 

10" 1 ns KMS Fusion Inc. 
USA 

2x10" 500 ps Univ. Rochester 
USA 

SxlO" 2 ns Lebtdsv, Moscow. 
USSR 

CO, 10-6 wm 3-5 5*10" 1 ni Los Alamos, USA 
Iodine 1-31 urn 05 10" 700 ps Ma«-PlancK-lnst. 

Garching. Germany 
Hydrogen 2-7 wm   189 10" 35 ns Los Alamos and 
fluoride (elec- Stndia, USA 

trical) 
5 (che- 
mical) * 

Dye            S05 nm   ■CIO"»    3*10*   3ps       Imperial College      i 915 >i 
London 0 

Xenon        173 nm   >2 4 «10'   20 ns      Lcs Alamos and       j^Jj^ 
Maxwell Laos, 
Inc. USA 

4-16 



■'— 

Table 4-3.    Operating Characteristics of Double-Pulsed 
Metallic Vapor Lasers [4-22] 

Lasant 

Operating Psramtlers f.'jnganest 
Chlorida 

Laid 
Chlorida 

Copper 
Chlorida 

Copptr 
Iodide 

Copper 
Formate 

Bullergas 

Tima deiay,a   sec 
Temperature, C 
Laser energy density, 

J/cmJ 
Laser peak power density, 

w/C(n3 
Wavelength, A 

neat 
l-2torr 

150 
660 
1 3 

33 

5341 

Heat 
1 -2 torr 

150 
500 

4 

160 

7229 

He and Ar 
at 1 -20 torr 

100 
400 
35 

1700 

5107 

Heat 
1-2 torr 

100 
575 
11 

500 

5107 

neat 
1-2 torr 

100 
135 

5107 
* t-in.-oiam. t'jDes, 

T.2    IMPORTANT IR LASERS 

Laser Wavelength. 
m 

hi« 
ev 

T,= hf/k Absorbing 
gas 

Ediss. 
ev 

COj 
CO 
HCI 
HF 

106 
4 7 
35 
2.8 

0 11 
0 26 
0 35 
0 44 

1300 
3000 
4100 
5100 

SF6 

CO 
HCI 
HF 

3 13 
til 

4 4 
59 
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Table 4-6.    Laser Transmitter and Receiver Sizes.    For Low Earth Orbit 
(160 km), ami Geostationary Orbit (36,000 km) and C02 (10.6 ym), CO (5 um), 
and Hypothetical  Visible Laser (0.5 yro).    No Atmospheric Absorption. 
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SECTION 5.  SUMMARY AiND RECOMMENDATIONS 

Electromagnetic signatures of gases and of subcomponent ligands 

in gaseous molecules have been itemized.  The methods to compute 

these signatures have been detailed.  Functioning successful 

technologies to identify these signatures remotely and their 

related hardware and sensors have been described in the foregoing 

report. 

Recommendations to use this information in ARPA's program for 

remote assessment of materials are described here. 

I.  Implement remote assessment of materials of interest to the 

Department of Defense as follows: 

a. Obtain laboratory absorption and emission spectra, 

including Raman spectra and ESR, for reasonable column 

densities of materials of interest from the literature 

or by making such measurements. 

b. Computerize and compute composite spectra for various 

appropriate combinations of atmosphere plus gases of 

interest plus atmospheric pollutants, (or in the case of 

liquids, compute composite spectra for water plus 

liquids of interest plus pollutarvs.  In the case of 

solids, compute specrra for various kinds of soils 

plus solids of interest plus pollutants).  In this 

terminology, the material to be assessed is excluded 

from the term "pollutant." 

c. From the computed composite spectra, generate interfero- 

grams or other outputs of the various sensors used in 

presently successful technologies of remote assessment. 
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d. Decide on the frequency interval in which the substance 

of interest could be most sensitively detected and by 

which of the several technologies already successful. 

e. Design the equipment for measurement at satellite 

altitudes for telemetry of the measured information to 

ground and/or for date reduction. 

Operations whose remote assessment may be important to the DOD 

and whose signatures might be relevant to the above analysis 

include the following: 

a. Explosives manufacturing:  for example, gases evolved in 

the manufacture and storage of ali^atic-fluoro-nitro 

high-density compounds. 

b. Nuclear fuel manufacture, enrichment, and reprocessing; 

gases evolved are, for example, SF-, UFg, HF, organic 

solvents such as ether, NO , Kr, Xe, I-, Br». 

c. Manufacture of insecticides, chemical warfare gases and 

CW components, gases which may be input materials or 

may be evolved in the manufacture of CW gases and 

insecticides. 

d. Manufacture of propellants, gases which may be input 

materials or may be evolved in manufacture, e.g., 

hydrazine and UDMH. 

e. Emission of gases used in high-power chemical lasers, 

e.g., F , Cl2, H2, Xe, Kr, Ne, A, HF, HC1. 
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f. Stockpiling of ores, raw materials, waste materials from 

manufacturing and mining and refining, specifically, 

rare earth deposits, tungsten ores, asbestos ores, 

steel mill slag, coal piles, cryolite, platinum and 

platinum group metal ores. 

g. Disposal of liquid effluents from manufacturing and 

mining and refining, oils, trace chemicals in waste 

waters. 

II. Support research and development on gas, liquid and solid 

lasers, for high power, better methods of cooling, greater variety 

of lasing wavelengths, higher repetition rate. 

III. Improve bolometer sensors, the sensitivities of which are 

now far below their theoretical limits. 

IV. Analyze technology of heterodyning to evaluate the sensitivities 

which may be achieved with various kinds of reference frequencies 

and their sources, and various kinds of sensors and filters. 

V. Update the present report on methodology of remote assessment 

of gases to include unpublished new results, hardware, sensors, 

and technology successfully demonstrated in the last year, by 

NASA, CIAP, ESRO-ENDO (European), and Russian researchers.  For 

example, the Proceedings of the Fourth Conferer.ce on Climatic 

Impact Assessment Program is in proof for publication early in 

197G; experiments of interest should be abstracted. 

VI. Support further study of lightning spectra at optical, 

microwave and decametric frequencies from ground level and balloon 

and airplane altitudes, especially in polluted atmospheres, 

near stack gas emissions, and near metal refineries. 



I'.-—.»^.!M,~    " 

VII. Support study of optical spectra measured in absorption of 

the sun's glitter and in emission close to the glitter, as the 

glitter is reflected from oceans, lakes, harbors, rivers and 

ponds, using airplanes and balloons. 

VIII. Support airborne study of optical spectra measured using 

urban artificial light sources, especially from airports and 
streets. 

IX. Support a search at airplane altitudes for Raman-shifted 

frequencies of radiations from ground-based transmitters. 
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APPENDIX A 

The following article by Peter Laurie entitled, "An Eye on 

the Enemy Over the Horizon," taken from the New Scientist, 

7 November 1975, has been reprinted in its entirety in this 

appendix. 

Oxford "less,  the <£22 rillicn esperin.-*ntal ovev-the- 

horizon radav station on the Suffolk coast, was shut 

down two years ago.    Is DTH Just another expensive 

military toy?    Or is it,  in fact,  so effective that 

the U.S.  really was ready to  -intervene in  war-torn 

Cyprus to protect the operational OTH station there? 

For those who enjoy dabbling in defense mysteries, over-the- 
horizon (OTH) radar is public enough for one to know that it 
exists, yet little enough has been published about it to make 
the subject intriguing.  The principle is simple enough and 
is fundamentally the same as microwave radar with which we are 
all familiar.  Instead of using radio waves in the centimetric 
region, which travel in almost straight lines and limit radar 
ranges against aircraft to 300 miles or less, one uses waves 
in the high-frequency band (HF) which are normally used for 
intercontinental communication.  They bounce alternately off 
the ionosphere and the Earth's surface to give ranges of several 
thousand miles.  A powerful, directional transmitter emits 
pulses oi these waves which are reflected by aircraft targets 
several thousand miles away and which are then detected in a 
sensitive directional receiver.  This much is obvious and has 
been for decades; what has not been sc obvious is how to make 
the system work. 

There are several snags.  The first is to secure good ionospheric 
refler^ion without too much absorption.  Again, as in communi- 
catior. frequency management, it is necessary to tailor the 
frequency used to the time of day and the sunspct cycle.  Low 
frequencies are necessary at night to get reflection, and high 
ones during the day co avoid excessive absorption.  In practice, 
an OTH radar needs a secondary, vertical, sounding radar to 
test the ionospheric weather, together with an HF receiver to 
search the band for quiet channels.  The best radar frequency 
is then calculated by a computer and the transmitters and 



receivers adjusted accordingly—which, for installations as 
powerful and complicated as t/iese are, is in itself quite 
a performance. 

The second snag is that signals of interest arrive at the 
receiver at extremely low vertical angles.  Aerials which 
produce a beam only 2° - 4° above the horizontal are neces- 
sarily massive structures whose most important feature is a 
good conducting ground plane extending some 3 km in the 
forward direction. This can be, and has been, done on land 
by laying vast areas of wire mesn, but it is much easier to 
use the sea, and the majority of OTH are to be found on the 
coast.  Together with a need for low-angle radiation goes the 
necessity of a narrow beam in the horizontal plane—this 
improves the signal-to-noise ratio and gives better discrimin- 
ation between targets.  To produce a beam 1° in the HF region, 
an aerial array about 1.5 km wide is needed. 

Already the difficulties seem staggering, but worse is to come. 
The majority of the returned signals will be from ground and 
sea:  a 50 kW OTH radar at th-^ Appleton Laboratory at Slough, 
where much of the early theoretical work was done, showed 
about 1 mV signals on the aerial from ground clutter, while 
returns from aircraft were p.-c.äicted as one hundredth of this 
voltage.  Happily, picking these out is not as difficult as 
it might seem, for if HF radars are imprecise about distance 
and bearing, they are acceptably accurate when used to detect 
radial motion through Doppler shifting of the returned echo. 
At 20 MHz, it is possible to resolve a 1.5-knot difference 
in target speeds, while ground and sea clutter is easily 
filtered out. 

Ranging is not so good.  Since the signal is busy bouncing 
off the ionosphere for the first 1000 km out from the trans- 
mitter or receiver, no echoes can be returned from this 
region.  Range resolution is apt to be 20-40 km and, relative 
to a known target, an accuracy of 2-4 km can be achieved. 
This; is for signals on the first bounce—that is, out to a 
distance cf 4000 km.  Signals that have arrived by two bounces 
will show worse resolutions. 

Bouncing Off the Sky 

The real difficulty in making these devices operational, 
however, has been in understanding the mechanics of the 
bounce off the ionosphere.  This layer is ehe interface 
between two fluid layers and is disturbed as the surface of 
the sea.  One can see the lower manifestations of ionospheric 
waves in the occansional bands cf high cloud that look like 



breakers.  These waves, together with more random swirls and 
twists, distort the returned echoes like mirrors in a fun-fair. 
Professor E. D. R. Shearman of Birmingham University, who 
uses an ingenious aperture synthesis technique to apply OTK 
radar to the study of sea waves far out in the ocean, likens 
the result to the "undulating, warped view we see of the 
bottom of a swimming pool when looking down at it through the 
rippled water surface" [Spectrum, No. 67, 1969]. 

What has made OTH radar a useful tool, both for the military 
and for oceanographic and ionospheric studies, is real-time 
computer processing cf the echoes using the distorted pre- 
Doppler filtered ground returns as a guide to the state of 
the ionosphere, so that appropriate corrections can be applied 
to active targets.  (Interestingly enough, the same problem 
occurs in processing the returns from the hucje low-frequency 
sonars that survey equally vast areas of ocean for submarines, 
and for the same reason—that is, waves on the sea surface.) 
One ionospheric disturbance that, it seems, no amount of 
computer processing can correct is w'-en the ionosphere is 
punched in by blasts of electrons from the Sun to form aurorae. 
So OTH radar oaths ought really to avoid latitudes higher 
than 60°. 

The first thorough description of an OTF radar with military 
potential appeared a few months ago (J. I. Hendrick and 
M. I. Skolnick, Proceedings of IEE, June 1974, p. 664).  The 
paper described the U.S. Navy's Project Madre radar at 
Chesapeake Bay, Virginia, which can look south to Cape Canaveral 
to get experience with returns froi.. rockets and their ionized 
wakes and across the Atlantic to follow coramerical aircraft. 
As long ago as 1961, it was tracking flights out to 400C km 
with 50 kW of power.  The aerial array consists of a double 
row of dipoles in 90° corner reflectors, and measures 9 3 by 
43 meters.  A large, low-angle HF aerial of some interest 
was built in Australia at Rockbank, 20 :niles NW of Melbourne, 
in the early L960s.  It consisted of several slow wave 
structures lying parallel on a bearing of 306s True, each 
four wavelengths long, including the large ground plane. 
Altogether, the aerial used some 25 miles of wire.  It worked 
at a fixed frequency near 20 MHz and could be steered by phase 
shifting the feeds to the different sections to cover Singapore, 
Calcutta, and the U.K. (J. F. Ward, Nature, 205, p. 10624. 

The one great advantage that HF radar has ever centimetric 
radar is that targets of military interest give returns by 
resonant, rather than optical reflection—since their dimen- 
sions are often comparable with a half wavelength [1/2 - at 
20 MHz is 7.5 meters).  This means that they re-radiate as 



well in the forward direction as backwards to the transmitter. 
Consequently. OTH radars can be employed in both forward- and 
back-scatter modes.  Thus near targets can be examined by 
having a receiver near a powerful slewing transmitter, and 
far targets can be studied by placing another receiver at the 
far end of a great circle through the area of interest.  This 
makes sense on economic grounds as well, since one transmitter, 
which tends to be a heavy and expensive item, can cover twice 
as much ground.  A constant satellite link vould be needed to 
coordinate frequency shifts at the receiver and transmitter. 

Extrapolating Madre 

So far nothing much has been published about the military 
applicationi; of OTH radar, but we can make some intelligent 
guesses by extrapolating the Madre results.  The basic radar 
equation says that if the aerial gain, noise conditions, 
target reflectivity and frequency are constant, the minimum 
transmitter power needed to produce a usable return varies as 
the fourth power of the range.  One can adapt this to the 
forv Jrd-scatter mode by saying that the transmitter power (P) 
is equal to Kdi"6 x dj'^  where the target is a distance di 
from the transmitter and d2 from the receiver.  Inserting 
the Madre result that 50 kW successfully illuminated aircraft 
targets at 3000 km, the constant turns out to be 6.17 x 10"^ 
when d is in km and P in watts (Figure 1). 

The known OTH radar sites are Orford N'ess in Suffolk, built 
by the Americans and operated until recently by joint British 
and U.S. staff; Cyprus, built by the British and operated by 
the Americans; and Okinawa which is presumably completely 
American.  Concentrating on the last two for the moment, one 
sees 'Figure 2) that the cover one might expect from a forward- 
scatter radar in Cyprus ;or Okinawa, the pattern being symme- 
trical) would take in many of the areas in central Asia which 
must be of interest to British and American intelligence. 
;As well as detecting aircraft and missiles, OTH also reveals 
nuclear bursts, which focus or diffuse the radio beam, 
producing unusually bright or dim echoes from ground about as 
far away again.)  One of the areas "visable" would certainly 
be Tyuratam, the Soviet Union's main rocket launching station; 
others would include the Kara Kum desert and the Seraipalatinsk 
regions where the Russians are reported to have tested nuclear 
weapons, the Sary Shaqan ABM development center, the Tarim 
desert where the Chinese axe reported to t  t missiles, as 
well as their Irp "."or nuclear proving grou».«.  lop Wot   lies 
exactly on the areat nrcle joining Cyprus to Okinawa. 
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Figure 2. Radar Cover of a Forward-Scatter OTH Transmitter in Cyprus 
and Receiver in Okinawa (and Vice Versa). Cover Shown 

for Transmitter Powers of 200 kW and 300 kW 
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A back-scatter radar in Cyprus running only at 33 kW (many 
ordinary broadcasting stations run at higher powers than this) 
would just illur.inate Tyuratam, while a transmitter broad- 
casting with a power of 300 kW would nominally cover the whole 
areas in Figure 2;   in practice about four times as much power 
would be needed to allow for absorption on the second bounce. 
(The coverage for 200 kW is shown to illustrate how much more 
rapidly forward-scatter coverage increases with power than one 
would expect from the fourth law for back-scatter radars.) 

No doubt the victum of OTH intelligence cover would like to 
take steps to stop it by jamming the receiver.  Although a 
relatively low-powered transmitter in the receiver's beam 
working at the right frequency would obliterate target returns, 
to do this operationally might be difficult.  It would perhaps 
be possible to shield a particular site from a particular 
receiver by putting a jammer between them, but the problem of 
tracking and imitating the radar frequency would remain.  The 
intruders would any way be able to re-site the receiver, 
which is not a very expensive it^'i,   particularly :f it only 
had to watch in one direction. 

Although the Cyprus-Okinawa path gathers in a rich harvest 
of sites, doubtless the Americans and British would like to 
watch the other areas--particularly Russia's northern rocket- 
launching site at Plesetsk. near Archangel, and their northern 
nuclear testing ground in Novaya Zemblaya,  It is significant 
that Orford Ness lies very close to the great circle through 
Plesetsk and Okinawa.  We were told when it started operating 
that Orford Ness was for the study of HF propagation in high 
latitudes through aurorae.  One can now see that this was 
perfectly true, though the Ministry of Defense was careful 
noc to say why they should wish to spend so much to learn 
about this recondite subject.  One must assume that the 
experiments were a failure, since the station was closed down 
in 1972 efter a year's operation.  It may be a coincidence, 
but Orford Ness lines up with Tyuratam and a point on the 
north-west Australian coast not far from the U.S. Navy's 
controversia] station at North West Cape for controlling 
Polaris submarines.  It is possible that there is, or 'vas, 
an OTH receiver there also.  Or, again, it may have been 
intended to work with the Australian Army's low-angle array 
at Rockbank.  But since the path would have been 14,000 km or 
more and the power demanded at least 1.2 MW, one must assume 
that the returns were too weak to be useful. 

However, the Orford Ness array is of some interest, since it 
is the only known military site to have been photographed in 
enough detail to make some guesses about the design (Figure 3) 
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It consists of a fan of 13 aerials, SMI' apart, spread over 
150° whose axis bears 60° True.  Each aerial consists of a 
wire about 4 30 meters long supported on a row of poles:  those 
farthest from the sea are 60 meters high, tapering to 13 meters 
at the center of the fan.  It rather looks as though the aerials 
were meant to work in pairs to act as a front half of a rhombic 
array.  This gives a nonresonant aerial with high gain and a 
sharply directional beam.  For instance, at 40 MHz the two 
wires of a V aerial this long need to be at 15° to each other. 
This would mean selecting wires that straddle the desired 
heading. The V so formed would need to be terminated in a 
resistance of about 430 ohms.  And presumably this is what 
the metallic mushrooms are in the foreground (they would 
certainly have to be massive, for at full power some 500 kW 
would be dissipated in them).  The downward slope towards the 
sea would presumably aid low-angle propagation.  In the hori- 
zontal plane, one might expect a beam width of D^O'.  At the 
lowest frequency of operation, 6 MHz, the beam width would be 
about 26°.  When the transmitter was operating, everyone had 
to be cleared from the site lest their eyes be cooked. 

If this interpretation is correct, Orford Ness is an odd 
design and one not usually used for transmitters, since so 
much energy is dissipated in the terminating resistors. 
However, there may be other economic tradeoffs that are not 
immediately apparent.  For instance, the structure cf.  the 
masts is reported to be most unusual, being made of concrete 
or earthenware drain pipes cemented together.  No doubt this 
is to avoid eddy current losses in metal masts, and perhaps 
the guy wires are formed from terylene.  (ICI breifly marketed 
a synthetic non-stretch rope for staying aerial masts; it was 
also offered as shrouds for yachts but failed to perform well, 
and is no longer available.) 

Having said all this, which may be of some interest to the 
radar specialist, what is the layman to make of it all?  First, 
one must deplore the secrecv with which even the existence of 
OTH radars is surrounded.  It is naive to suppose that the 
Russians and Chinese have not noticed torrents of HF energy 
pouring across their most secret military installations, 
especially since the Soviet Union seems to have had an early 
lead in the technique.. Indeed, anyone anywhere in the world 
with an ordinary communications receiver could detect emissions 
from these stations.  But it is a good thing that the Super 
Powers should know as much as possible about each other's 
capabilities, and it is presumably useful that a small amount 
of the taxpayers' money should be spent to this end. 
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What one does not know is whether OTH is worth what it costs 
(Orford Ness came in at about dC22 million) or whether it is 
another expensive toy for the military; perhaps that is why 
it is still secret.  On the other hand, perhaps it works very 
well, and that the recent Cyprus troubles are due partly to 
the British and American determination to hold on to such a 
useful vantage point.  Certainly, when the Turks invaded the 
island, there was debate whether the Marines should be sent 
in to hold the OTH radars against our NATO allies. 
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